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ABSTRACT 
Strain detecting with carbon nanotube (CNT) networks is one of the encouraging findings 
in sensor technologies. Two types of CNT based films are available for strain detection, 
namely CNT composite films and CNT films.  Configurations of the CNT networks in 
these films can be made into random and aligned distributions. Understanding of 
fundamental knowledge regarding piezoresistive response in CNT networks in particular 
of the CNT film is not quite available, and this is the motivation of the present thesis.  
 
In this thesis, piezoresistive response of CNT networks under in-plane straining was 
studies in details first. Based on the stick percolation model, the relation between the 
density and conductance in CNT networks (with randomly distributed) was established 
and then the models which describe the relation between the density and piezoresistive 
sensitivity and the relation between density and piezoresistive linearity, respectively, 
were developed. After that, fabrication of CNT networks with aligned distributions was 
studied. Likewise, the models as developed for CNT network with random distributions 
were developed for ones with aligned distributions. Finally, modeling of the stress 
transfer between the nanotubes and polymer matrix was studied. 
   
This study has led to the following conclusions: (1) piezoresistive response in CNT 
networks of the CNT film follows the stick percolation model with the critical exponent 
coefficient (α) in the model being 1.938; (2) it is feasible to fabricate aligned CNT 
networks of varying densities with the technique which combines the spray deposition 
and externally applied magnetic field; (3) the configuration of CNT networks, in addition 
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to their density, was a primary factor governing their piezoresistive response; (4) slipping 
occurs at the interface between the nanotube and polymer matrix when the films are 
subject to in-plane straining.  
 
The contributions of this study are: (1) the knowledge along with a percolation model for 
piezoresistive response of CNT networks of the CNT film, (2) a fabrication technique to 
align CNT networks of the CNT film, and (3) the knowledge along with a model for 
interaction between the CNT and polymer substrate in the CNT film.  
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CHAPTER 1  
INTRODUCTION 
 
1.1 Background  
1.1.1 Electrical Based Strain Gauge: Macroscale and Nanoscale Thin Film 
Strain gauges, also known as strain sensors, are one of the most common devices used for 
the Structural Health Monitoring (SHM) system. Fundamentally, all strain gauges are 
designed to convert a mechanical deformation into an electrical signal, which is further 
processed in the SHM system. In electrical based strain gauges, the strain is measured as 
a function of resistance change due to the displacement change of a gauge. Mladenvic et 
al. (1998) mentioned: “The discovery of the basic principle of such gauges dates back to 
1856; Lord Kelvin reported that certain metallic conductors exhibited the change in their 
electrical resistance after subjected to a mechanical straining.” This property was referred 
to as piezoresistive response, as shown in Figure 1.1. More importantly, this change in 
resistance is linearly proportional to the amount of strains in the material. Piezoresistive 
sensitivity is defined as the ratio of the resistance change over the strain, and it is also 
called gauge factor (GF). GF can be found by equation 1.1. 
                                                            
    
    
 
    
ε
                                                  (1.1) 
where ε is the strain; R is the resistance of material; ΔR is the changes in resistance. 
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Figure 1.1 Schematic model of piezoresistive response in the material 
 
Various types of electrical based strain gauges have been developed over years. As a type 
of the electrical based strain gauge, nanoscale thin films exhibit great potential in strain 
measurements and particularly as neuron sensor which can be attached onto the surface 
of a structure to form a sensor network (Kang et al., 2002). Compared with conventional 
strain gauges, the nanoscale thin film sensor provides several benefits in strain detections, 
such as film flexibility; ease of processing; and installation. 
 
Initial developments in nanoscale thin films were focused on conductive polymer 
composites that contain polymeric matrix and conductive filler materials. In general, 
conductance of the films can be tuned by introduction of conductive filler materials, such 
as carbon black (Cochrane et al., 2010), carbon fibers (Feller et al., 2002). During strain 
measurements, changes in resistance of thin films are only due to conductive filler 
materials (note: polymeric matrix is insulator material). However, the idea of the 
conductive polymer composite as aforementioned requires a high concentration of filler 
materials to form a conductive network, and this may affect the mechanical properties of 
an entire film (Liu et al., 2009). Nanoscale conductive fillers are certainly a trade-off 
solution to this problem. 
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Carbon nanotubes (CNTs), a type of nanoscale materials, were published in 1991 by 
Iijima et al. (1991). CNTs are considered to be an excellent filler material in the 
conductive polymer films. It is known (Dresselhaus et al., 2004) that the diameter of 
CNTs ranges from 0.7 to 10.0 nm and aspect ratio (L/D, L: Length of CNT; D: Diameter 
of CNT) ranges from 10
4
 -10
5
. Further, there are two types of CNTs: Single Wall 
Nanotubes (SWNTs) and Multi Wall Nanotubes (MWNTs). More importantly, their high 
L/D ratio and excellent electronic properties allow conductive networks to be formed 
with low threshold concentration in the film (Peijs et al., 2009). In addition, their 
nanoscale size allows for fabricating small films with high gauge factor and for 
optimizing the films with an improved performance.  
 
Two types of thin films with CNTs have been developed for strain measurements so far, 
namely CNT composite films and CNT films. The major difference between them is that 
CNT networks free of surfactant are distributed on a polymeric matrix in CNT films, 
while CNT networks in CNT composite films are embedded with polymeric surfactants. 
The basic fabrication methods for both types of films will be discussed below. 
 
1.1.2 Fabrication of CNT Composite Films 
The first CNT composite films applied as strain gauge were fabricated and named as 
buckypaper by Dharap et al. (2004). In their fabrication process, CNTs (SWNTs) were 
first dispersed in the N-Dimethylformamide (DMF) solution. Then, the CNT/DMF 
solution was poured gently through a filter paper, and the paper was dried in a vacuum 
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oven to slowly evaporate the solvent. Finally, the free standing CNT/DMF composite 
film was peeled off, as shown in Figure 1.2. In such films, CNT networks are randomly 
distributed and interacted with polymeric surfactant (DMF) through the physical 
bondings. Under the in-plane straining, the film exhibited linear changes in its resistance 
to the applied strain. Because of the insulator property of DMF polymers, Dharap et al. 
(2004) further believed that the changes in resistance of the film are due to CNTs. 
 
 
Figure 1.2 The buckypaper with insulating PVC attached to the structure, and a 
traditional strain gauge attached next to the film (Dharap et al., 2004) 
 
In general, the fabrication of CNT composite films requires the use of surfactants to 
improve dispersion of CNTs in aqueous solutions. The suspensions were then filtered 
through a membrane under pressure (vacuum) to yield thin films or to evaporate (in oven) 
the solvent to yield thin films. Other methods to fabricate CNT composite films, 
constructed from both SWNTs and MWNTs, have been proposed in recent years, 
including  Mechanical Stirring Fabrication by Thostenson et al. (2006), Molding Transfer 
Fabrication by Liu et al. (2009), Layer-by-Layer Fabrication by (Lynch et al., 2008).   
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1.1.3 Fabrication of CNT Films  
The CNT films constructed from CNT networks free of surfactants were first presented 
by Kaempgen et al. (2005). In their fabrication methods, the following steps were 
followed. First, CNTs (SWNTs) were dispersed in aqueous Sodium Dodecyl Sulfate 
(SDS). Second, the CNT/SDS suspension was deposited on a polymeric substrate during 
the coating process. Third, the film was dipped into distilled water to rinse off the SDS 
surfactant. Consequently, the CNT networks resided on the substrate owing to the 
hydrophobic properties of CNTs and strong adhesion between CNTs and the polymer 
substrate.  
 
As compared with the CNT composite films, the CNT films exhibit a higher conductance 
(owing to the absence of polymeric surfactant) and have a lower threshold concentration. 
As shown in Figure 1.3, CNT films usually are transparent films due to the low 
concentration of CNTs. In the studies by Miao et al. (2010), they discovered that CNT 
films constructed with the Layer-by-Layer deposition method had good piezoresistive 
sensitivity as a strain gauge. Under the in-plane straining, their results have shown that 
the films maintain a linear behavior between their resistance and the applied strain up to 
the 0.8 strain. In addition, the applications of CNT films have been proposed in numerous 
reports, such as transistors (Gruner et al., 2005); touch panel (Hecht et al., 2007) and pH 
sensors (Kaempgen et al., 2006).  
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Figure 1.3 Flexible transparent CNT film: CNT deposited on a polymeric substrate 
(Kaempgen et al., 2005) 
 
In the fabrication of CNT films, the substrate surface in general requires to be pre-treated 
to enhance its adhesion for bonding with CNTs. In addition, the aforementioned 
fabrication methods are only limited to the CNT films constructed from SWNTs. 
 
1.1.4 Chemical Vapor Deposition (CVD) Fabrication  
In the study by Yong et al. (2003), the CNTs were synthesized by hot filament CVD with 
mixed catalysts Ni and Fe and perpendicularly grown on the Ni/Fe/Si substrate, as shown 
in Figure 1.4. The film was loaded under a three-point test device for strain 
measurements and yielded gauge factor 60 up to 500 microstrains. Different from the 
aforementioned CNT based films, the film fabricated by the CVD method function as a 
strain sensor based on the principle called “band gap” of individual tubes. The films 
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based on this principle have a high gauge factor, but such films are difficult to fabricate 
(compared with deposition method), install and highly sensitive to the temperature.  
 
 
Figure 1.4 Scanning Electron Microscopy (SEM) micrographs of CNTs grown 
perpendicularly on the substrate (Yong et al., 2003) 
 
1.2 Research Motivation and Objectives  
In our previous studies (Miao et al., 2010), CNT films made by the deposition method 
yielded randomly distributed CNT networks on polymer substrates. More importantly the 
piezoresistive response in such CNT films was found and optimized with a specific of 
density of CNTs. Hecht et al. (2004) proposed that in CNT networks, the nanotubes, 
including metallic and semiconductive tubes, be considered as randomly distributed 
conducting sticks, and the networks be modeled by the stick model used in the 
percolation theory. As results, it was expected that piezoresistive response of CNT 
networks can be modeled based on the percolation theory.  
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In both CNT film and CNT composite film, numerous studies have reported the existence 
of piezoresistive response in randomly distributed CNT networks (Chapter 2). However, 
few (if none) have studied piezoresistive response in aligned CNT networks. It was 
hypothesized that piezoresistive response also exists in the aligned CNT networks and it 
should have an improved quality as opposed to randomly distributed CNT networks. 
 
In CNT composite films, nanotubes were completely embedded in the polymer matrix. 
Under the in-plane straining, several models have been established to study the stress 
transition between the nanotubes and polymer matrix. Compared with CNT composite 
films, the nanotubes in CNT films were considered to be partially (if not completely) 
embedded in the polymer matrix. As a result, it was expected that the nanotubes in CNT 
films would experience the axial stress through the interfacial cohesion, instead of 
external pressure from the surrounding polymer matrix (Wagner et al. 1998). 
 
From the aforementioned discussion, this thesis study defined three specific objectives, 
and they are stated as follows: 
(1) To verify whether the relation between the conductance and density in randomly 
distributed CNT networks follows the stick percolation model and (if this does) then to 
model the peizoreostive response in CNT networks. 
 
(2) To fabricate CNT films with aligned CNT networks and to investigate their 
piezoresistive response.  
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(3) To study the interaction of CNTs with the polymer matrix in CNT films as under 
in-plane straining.  
 
1.3 Organization of the Thesis  
This thesis comprises of 8 chapters: 
Chapter 1 gives an introduction to this thesis research, necessary background, research 
motivations and research objectives. 
 
Chapter 2 presents a literature review of modelling of piezoresistive response in CNT 
based films for strain detection. This review will outline some important concepts and 
results in the current literature regarding piezoresistive response in CNT networks; 
including band gap theory, percolation theory, and influence of the density of CNT 
networks on gauge factors. More importantly, several modelling approaches will be 
introduced which attempt to establish the relation between the density and conductance in 
randomly distributed CNT networks. The discrepancies between the theoretical and 
experimental results will also be discussed in this chapter. The goal of this review was to 
make a critical assessment of these experimental results/methods and to justify the choice 
of the percolation theory as the most suitable approach for modeling piezoresistive 
response in CNT networks in this thesis study. 
 
Chapter 3 presents a literature review on fabrication techniques for the films with aligned 
CNT networks.  This review will outline some important techniques to align CNT 
networks under various externally applied forces, including air flow, mechanical force, 
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and magnetic force. In addition, several methods related to decoration of CNTs with 
nanoparticles will also be discussed. The goal of this review was to make a critical 
assessment of the methods in the current literature and to justify the choice of the 
magnetic field with the aid of magnetic nanoparticles as the most suitable approach for 
aligning CNT networks in this thesis study. 
 
Chapter 4 presents a literature review of knowledge of physical interaction of CNTs with 
the polymer matrix in CNT based films. This review will outline several methods and 
models in the current literature for estimating stress transfer between the CNT and 
polymer matrix in the films, including Molecular Mechanical Simulation (MMS) method, 
TEM fragmentation method, Raman Induced D Band method. The goal of this review 
was to make a critical assessment of the existing methods/models and to justify the 
choice of Raman Induced D Band method as the most suitable approach for 
understanding interactions of CNTs with the polymer matrix in this thesis study.  
 
Chapter 5 presents the model of piezoresistive response in CNT films with randomly 
distributed CNT networks. In this chapter, fabrication of CNT films with randomly 
distributed CNT networks by the Layer-by-Layer deposition method will be discussed.  
The density and conductance in randomly distributed CNT networks were determined by 
Raman Microscopy and Two Probe measurement, respectively. The relation between the 
density and conductance in such CNT networks were thus established by following the 
stick percolation model. Finally, theoretical models are presented to describe the 
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relationship between the density of CNTs and gauge factor and the relationship between 
the density of CNTs and linearity in CNT networks.  
 
Chapter 6 presents a study of piezoresistive response in CNT films with aligned CNT 
networks. In this study, CNTs were first decorated with iron oxide nanoparticles 
(enhancing the magnetic property) after the acid treatment and sol-gel process. With the 
enhanced magnetism, the CNTs decorated with iron oxide nanoparticles were aligned 
along with the direction of an externally applied magnetic field to form aligned CNT 
networks on the polymer substrate. The CNT films with aligned CNT networks were 
further investigated under two probe measurements and in-plane straining.  
 
Chapter 7 presents a study of interaction of CNTs with the polymer matrix in CNT films 
under in-plane straining. In this study, the Raman Microscopy was employed to study the 
axial strain on the nanotube, which was transformed from the surrounding polymeric 
matrix. When the CNT film was under the in-plane straining (tensile strain applied on the 
polymeric matrix), it was found that the D band* wavenumber peak of CNTs shifted 
linearly with the applied strain. Based on the experimental results, a model was 
established to describe the stress transfer between the CNT and polymeric matrix during 
in-plane straining. In CNT films, it was found that the interfacial slipping between the 
nanotube and polymeric matrix happens along with the in-plane straining.  The 
mechanism which explains the interaction was explored with the mode.  
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CHAPTER 2  
MODELLING OF CNT BASED THIN FILMS: LITERATURE REVIEW 
 
2.1 Piezoresistive Response Based on Band Gap of Individual Nanotubes 
An experiment conducted by Tombler et al. (2000) has shown that conductance of the a 
single nanotube decreases when it is strained; in particular  Figure 2.1 gives a schematic 
diagram of their experiment where a SWNT is strained by impressing a force with an 
Atomic Force Microscope (AFM) tip at its middle location. Further, they believed that 
when a single nanotube is strained, the local distortion of band gap occurs, which is the 
cause of the drop in conductance.  
 
Figure 2.1 Schematic model of an AFM needle pushing down a SWNT to detect voltage 
changes on gold pads (Tombler et al., 2000) 
 
Many studies of the band gap theory for piezoresistive response of CNTs have been made 
in literature. Minot et al. (2003) presented measurements to demonstrate the effects of 
strain on the band structure of the tube and further predicted the rate of change of band 
gap with respect to strain. In the study by Yang et al. (2007), they developed a 
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mathematical model to describe the relation between band gap and applied strain, which 
is as follows:  
                                                                              (2.1) 
                                                                                                           (2.2) 
                                                                           (2.3) 
where ε is applied strain, t is 0.5, h is Plank’s constant, k is 1.38x10-23j/k, e is 1.6x10-19C, 
T is laboratory temperature (300K) and Rs is negligible. More importantly, they further 
calculated the gage factor by using equation 2.4 and their results were listed in Table 2.1.  
                                                                                  (2.4) 
where Rtot is the current resistance of CNTs, Rtot (0) is the original resistance of CNTs.  
 
Table 2.1 Model predicted parameters for three different kinds of CNTs (Yang et al., 
2007) 
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2.2 Piezoresistive Response of CNT Networks 
CNT networks with piezoresistive response were first reported by Dharap et al. (2004) in 
CNT/DMF composite films. They further proposed that piezoresistive response was only 
due to CNTs because the polymer was an insulator. Lynch et al (2007) concluded that 
piezoresistive response in CNT based films was due to the change of CNT network 
configurations within the polymer matrix. Their reasoning follows some important 
findings on CNT networks by others, including Liao et al. (2001), Wagner et al. (1998), 
Salvetat et al. (1999) and Ajayan et al. (2000). In particular, Liao et al. (2001) showed 
that the bonding between CNTs and polymeric matrix was based on Van der Waals 
(VDW) force and/or the electrostatic in the films.  According to the highest shear stress, 
about 500 MPa at the interface between SWNT and polymeric matrix (polyurethane) was 
reported by Wagner et al. (1998). The effective elastic modulus for SWNTs (MWNTs) 
was around 1 ~ 3 TPa (0.1 ~1TPa) according to Salvetat et al. (1999). Therefore, the 
nanotube displaces with the polymeric matrix as the film is under in-plane straining 
according to Ajayan et al. (2000). Further, one can infer that the topology and density of 
CNT networks would have significant effects on piezoresistive response of CNT base 
films. 
 
2.2.1 Optimizing Piezoresistive Response of CNT networks based Films 
In CNT network based films, there have been studies in optimizing the films for an 
improved piezoresistive response in literature. Kang et al. (2002) reported that the gauge 
factor of the CNT/DMF/Poly (methyl methacrylate) (PMMA) films is highly related to 
the density of CNT networks. In particular, the gauge factor decreased from 5 to 1 when 
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the weight percentage of CNTs in their fabrication process increased from 0.5% to 10%. 
In addition, they also reported that the resistance of the films decreased dramatically with 
the increase of weigh percentage of CNTs. Liu et al. (2009) reported that the gauge factor 
of the CNT/Polydimethylsiloxane (PDMS) film varied from 0.01 to 1.25 when the 
suspension volume of CNTs varies from 5 ml to 80 ml. Using the Layer-By-Layer (LBL) 
fabrication method, Lynch et al. (2008) reported that the CNT/ Poly (sodium 4-
styrenesulfonate) (PSS)/ Polyvinyl alcohol (PVA) film (multilayered) exhibited variation 
in its gauge factor from 0.1 to 1.8 when the number of layers varied from 50 to 100 and 
the concentration of CNT suspension varied 0.5mg/ml to 0.8mg/ml. Using the LBL 
fabrication method, Miao et al. (2011) reported that the gauge factor of CNT films 
(multilayered) decreases from 4 to 1 with the increase of the number of layers.  
 
It is noted that the change of gauge factor may also happen with the change of 
distribution of microscale conductive fillers in films.  Martinez et al. (2010) reported that 
the highest gauge factor was achieved in the lowest density of the carbon black (as 
conductive filler) in their polymer composite films. 
 
2.2.2 Percolation and Conductance 
Percolation theory was first introduced by Broaden et al. (1957) to model the behavior of 
connected clusters in a random graph. Later, the theory was extended to model transport 
in amorphous and porous media and composites and to model the properties of polymers, 
gels, and ionic conductors (Bunde et al., 2000). According to Bunde et al. (1996), in 
percolation theory, the important concept is the so-called percolation threshold (Nc) 
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which is related the density (N) that a particular site in a square lattice is occupied or 
unoccupied (1-N) as shown in Figure 2.2; the occupied and unoccupied sites may have 
different physical properties. For instance, occupied sites may be electrical conductors, 
while unoccupied sites may be insulators where electrical current can only flow between 
nearest-neighbor conductor sites (Liang et al., 1998).  
 
Further according to Bunde et al. (1996), when density N is smaller than critical density 
Nc (Nc =0.59 in this case) as shown in Figure 2.2a, the conducting sites are either isolated 
or form small clusters, but the clusters are isolated to each other and therefore, the lattice 
is an insulator (because there is no unbroken conducting path from the top to bottom of 
the lattice). When N is larger than Nc as shown in Figure 2.2c, many conducting paths are 
formed from top to bottom, where the currents can flow through, and the lattice is thus a 
conductor. Therefore, there must be a so-called critical density Nc as shown in Figure 
2.2b, above which the current can follow from the top to bottom side at the first time. 
They further suggested the relation between the conductivity (P) and the density (N) of 
the square lattice as: P~ (N-Nc)
 α, where α is the critical exponent parameter which 
depends on different application systems. 
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Figure 2.2 Site percolation on the square lattice: the small circles represent the occupied 
site for three different concentrations: N=0.2, 0.59 and 0.8. Nearest-neighbor cluster sites 
are connected by lines representing the current paths. Filled circle are used for broken 
(finite) clusters, while open circles mark the unbroken (infinite) cluster (Available online: 
http://www.uni-giessen.de/physik/theorie/theorie3/publications/Intro_bunde1.pdf) 
 
The percolation threshold Nc and parameters α depend on details of a percolation model, 
including the dimension and the shape of the lattice (Pike et al., 1975). For different 
models, the Monte Carlo simulation can be performed to determine Nc and α. For 
instance, Pike et al. (1975) used the Monte Carlo simulation to classify many different 
percolation models in two and three dimensions, which include circle model, sphere 
model (three dimension), square model and stick model. In the stick model, they further 
proposed that conductivity P is proportional to the site densities N and critical density Nc 
as: P~ (N-Nc)
 α
, where α is equal to 1.33 in a two dimensional region and 1.94 in a three 
dimensional region and the critical density Nc (percolation threshold: the first conductive 
path formed in networks) is determined by the length (L) of the stick as: √   
 
=4.236. 
Following the study of Pike et al. (1975), Li et al. (2009) developed a high-efficiency 
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algorithm for the Monte Carlo simulation to investigate the stick percolation model 
(Figure 2.3), which is consistent with, but more precise than, the result from Pike et al. 
(1975). 
 
Figure 2.3 Schematic illustration of stick percolation on a square system (L=5). Each 
stick is of unity length l=1 and are presented here only by their centers (filled circles). 
The two boundaries (the left and right ones) are described also by L connecting stick (Li 
et al., 2009) 
 
2.2.3 Percolation and Conductance in Randomly Distributed CNT Networks 
In CNT networks, Hecht et al. (2004) proposed that the nanotubes can be considered as 
conducting sticks and appear randomly oriented with no preferential directions, which is 
analogous to the stick model in the percolation theory.  
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2.2.3.1 Influence of Tube-to-Tube Contact on Percolation and Conductance 
In CNT networks, Straderman et al. (2004) proposed that the conductance of the tube to 
tube contacts dominates the overall conductance in the network. In their studies, CNT 
networks were formed between two golden electrodes on the silicon substrate. By 
varying the separation lengths of electrodes, their two-probe measurements have shown 
that the conductance of CNT networks does not decrease linearly with the distance from 
the electrodes. In addition, CNT networks contained both metallic and semiconducting 
sticks where Schottky Barrier can present between their interconnections, which can 
further affect their conductive path and thus conductance in CNT networks (Straderman 
et al., 2004).  
 
2.2.3.2 Influence of  the Tube Length on Percolation and Conductance 
Hecht et al. (2006) reported that the sonication hours can severely affects the size of 
CNTs and CNT bundles during the dispersion process. In particular, the average length of 
tubes decreased with the increase of sonication time. They subsequently fabricated a 
series of CNT networks under the same density but with different average length of the 
nanotubes. Based on the experimental results, they further derived the model of σ ~ L1.46 
as shown in Figure 2.4, which represents the relation between the conductance (σ) and 
the average length of nanotubes (L) in CNT networks. According to their model, it can be 
seen that the increased length of tubes can lower the threshold concentration (critical 
density) in CNT networks. 
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Figure 2.4 DC conductivity of CNT networks vs. average bundle length in the network 
(Hetch et al., 2006) 
 
2.2.3.3 Influence of CNT Density on Percolation and Conductance  
Hecht et al. (2004) established a relation between the conductance and the density in 
CNT networks. In their experiments, uniform CNT networks with varying densities were 
deposited on the thin aluminum plate at room temperature by the vacuum filtration 
method, as shown in Figure 2.5, and the density of CNT networks was controlled by 
varying the volume of solution, where the critical density is the critical volume value of 6 
ml. They further performed two-probe measurement on the film. Based on the 
measurements as shown in Figure 2.6, they found that α = 1.5, which is close to, but 
somewhat higher than the theoretical values (in 2-dimensions, α = 1.33, while in 3-
dimensions, α = 1.94). They suggested that the discrepancies between the theoretical and 
experimental value be caused by: 1) the CNT networks were not perfectly two 
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dimensional; 2) the theoretical value was based on the same conducting stick model, 
while the CNT networks contained both metallic and semiconducting sticks. 
 
 
Figure 2.5 SEM images of the SWNT networks on alumina substrates with different 
filtration volumes: a) 7 ml of SWNT solution b) 10 ml of SWNT solution and c) 400 ml 
of solution (Hecht et al., 2004) 
  
 
Figure 2.6 Sheet conductance vs. volume of CNTs in Chloroform solution. Notice the 
onset of conduction when the first percolative path across the sample is formed, indicated 
by Vc
 
= 6ml on the lower right inset (Hecht et al., 2004) 
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2.2.3.4 Influence of the Interface on Percolation and Conductance 
In CNT composite films, the percolation and conductance in CNT networks can be 
affected by the interface between CNTs and polymeric matrix. Kim et al. (2004) reported 
that the critical density of CNTs can be reduced by the surface treatment of CNTs. In 
particular, the CNT/Epoxy composite films exhibited better conductance by oxidizing 
CNTs (using acid mixture) to improve their dispersion in polymer matrix. Similar results 
were also reported in the CNT/PET composite films fabricated by Shin et al. (2006). 
Based on the percolation theory, Xue et al. (2007) proposed a model of the effective 
electrical conductivity by incorporating the interface effect between nanotubes and 
polymer matrix. Their results were shown that the percolation threshold of CNT networks 
decreases with the increased interface thickness 
 
2.2.3.5 Percolation and Conductance in Aligned CNT Networks 
In the method proposed by Lay et al. (2009), aligned CNT networks were fabricated by 
the Laminar Flow Deposition (LFD) method. By varying the number of deposition cycles, 
various densities of aligned CNT networks were formed. Based on the experimental 
results, they proposed that the percolation be applicable to such aligned cases with the 
argument that despite the presence of many aligned CNTs there were sufficient amounts 
of randomly distributed CNTs in the film, exhibiting the macroscopic conduction to 
follow the percolation theory. In consistence with their proposal, the conductance and 
density in aligned CNT networks follow percolation theory as shown in Figure 2.6. The 
best fit to their data yields an experimentally measured value of α = 1.8, which is higher 
than the theoretical ones (in 2-dimensions, theory predicts α = 1.33).  
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Figure 2.7 Current density versus (N–Nc) for aligned CNT networks; σ is the current 
density for the network (Lay et al., 2010) 
 
2.3 Summary 
(1) The principle that governs piezoresistive response in CNT based films is as this. 1) 
when individual CNTs were under a load, the local distortion in band gap can cause the 
conductance change of the tube, which further gives rise to the piezoresistive response in 
the film. Piezoresistive sensitivity of the film depends on the type of CNTs and varies 
from 30 to 180; and 2) when CNT networks were under a load, the CNT displacements 
cause variation of their network configuration and thus change their conductive paths, 
which gives rise to the piezoresistive response in the film. Piezoresistive sensitivity of the 
films depends on the density of CNT networks and varies from 0.1 to 5.  
 
(2) In randomly distributed CNT networks, the nanotubes can be considered as 
conducting sticks and appear oriented with no preferential directions; that is to say 
piezoresistive response follows the stick model in percolation theory.  
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CHAPTER 3  
FABRICATION OF ALIGNED CNT NETWORKS: LITERATURE REVIEW 
 
3.1 Introduction 
In CNT based films, configurations of CNT networks can be divided into random and 
aligned distributions. The fabrication methods for randomly distributed CNT networks 
were introduced in the preceding two chapters, including Layer-by-Layer Deposition 
Method by Miao et al. (2010), Buckypaper Method by Dharap et al. (2004) and Filtering 
Deposition Method by Hetch et al. (2006).  
 
To make aligned CNT networks, there were two essential steps in most available 
techniques. First, the CNTs were dispersed in solutions where CNTs can easily be rotated 
relative to the solutions. Second, an external force was imposed to the solutions to rotate 
CNTs towards one desired direction. The air flow and magnetic force are the common 
external forces used to rotate CNTs into alignments (discussed in Section 3.2 and 3.3 
respectively). In addition, other approaches related to align CNTs have been proposed, 
such as Melt processing method by Haggenmueller et al. (2000), Electrophoresis method 
by Yamamoto et al. (1996). The thin films with aligned CNT networks exhibited 
enhanced thermal, mechanical and electrical properties in many studies, such as the 
reinforced polymer composites by Shi et al. (2005), the enhanced thermal properties by 
Choi et al. (2003).  
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3.2 Laminar Flow Deposition Method 
In the method proposed by Lay et al. (2009), aligned CNT networks were achieved by the 
Laminar Flow Deposition (LFD) method as shown in Figure 3.1. In their method, CNTs - 
SDS solution was first added to the substrate to create a thin layer of the suspension. The 
laminar flow (as a kind of external force) was then applied at a certain angle to the CNTs 
in suspension, which causes CNTs rotate toward the flow direction (Lay et al., 2009). 
After the solvent was dried out, the substrate was washed with water to remove any 
remaining SDS residue. The above process is defined as one deposition and the density in 
CNT networks thus can be determined by the number of deposition cycles. 
 
 
Figure 3.1 Flow chart of flow deposition method used to fabricate aligned CNT networks. 
Step 1: CNT suspension was drop-cast on a Si wafer, Step 2: Directional nitrogen flow 
was to evaporate solvent and align SWNTs in a thin layer of the suspension; and Step 3: 
Repeated deposition cycles were used to increase the network density (Lay et al., 2009) 
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By varying the number of deposition cycles, different densities of aligned CNT networks 
were deposited on the Si wafer for the studies of percolation, as shown in Figure 3.2.  
 
 
Figure 3.2 AFM Images of aligned SWNT deposits formed via LFD method: (a) after 5, 
(b) 10, and (c) 15 deposition cycles (Lay et al., 2009) 
 
By using the LFD method, Lay et al. (2009) further proposed a method to fabricate the 
CNT networks with multi-orientations. In this method, high-purity nitrogen flow were 
manipulated in two directions, resulting in arrays of CNTs aligned in two directions as 
shown in Figure 3.3. 
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Figure 3.3 Laminar flow deposition (LFD) was used to form two types of macroscopic 
SWNT networks; “aligned” networks were formed from six successive deposition cycles, 
whereas “orthogonal” networks were formed from three deposition cycles in one 
direction, followed by three more at an orthogonal angle (Lay et al., 2010)、 
 
3.3 Magnetic Field Alignment Method  
In the method proposed by Tannenbaum et al. (2010), aligned CNT networks were 
achieved under an externally applied magnetic field. When nanotubes were placed 
between a pair of magnets, nanotubes in suspensions were oriented parallel to the 
direction of the externally applied magnetic field (or field line).  After the solvent was 
dried out, the aligned CNT networks were formed on the substrate as shown in Figure 3.4. 
This method however needs to decorate CNTs with magnetic nanoparticles (Tannenbaum 
et al., 2010). In the decoration process, various types of magnetic nanoparticles can be 
used to attach on the nanotubes including iron oxide nanoparticles, Pt nanoparticles, Ag 
nanoparticles, etc. (discussed in Section 3.3.1 and 3.3.2). With the attached nanoparticles, 
the magnetic susceptibility of CNTs was improved where nanoparticles imparted 
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magnetic characteristics to CNTs. In the studies by Tannenbaum et al. (2010), the 
alignment of CNTs can happen at a low magnetic field (0.3T), because of the 
magnetization of CNTs through the tethering of maghemite nanoparticles,  compared 
with the alignment of undecorated CNTs under 7T magnetic field  (Walters et al., 2001). 
 
 
Figure 3.4 Aligned maghemite-CNT (4:1 mass ratio) (Tannenbaum et al., 2010) 
 
3.3.1 Iron oxide nanoparticles  
It is well known that iron oxides are one of the most important nanoparticles. Iron oxides 
have sixteen phases in total, and among them, magnetite Fe3O4 and maghemite γ-Fe2O3 
have excellent magnetic properties. Laurent et al. (2008) described that Oxides of iron are 
one of the most studied inverse spinel structure where both Fe
3+
 and Fe
2+
 are in the 
octahedral sites and only Fe
3+ 
is in the tetrahedral sites of face-centered cubic oxygen. 
The cationic site in magnetite is fully occupied whereas maghemite has cation vacancies 
in the octahedral sites. Characterization of these oxide compounds can be done by X-ray 
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diffractions, Infrared (IR) absorption spectrometry, Raman Microscopy, Electron 
Paramagnetic Resonance (EPR), and so forth.  
 
The magnetite and maghemite in nanoscale can be obtained by the various solution-based 
syntheses, such as the chemical precipitation process of Ali-zade et al. (2009); the Sol-
Gel processes of Sugimoto et al. (1993); the hydrothermal process of Horner et al. (2009). 
The studies by Domingo et al. (1994) have shown that the solution-based synthesis with 
different fabrication factors, such as pH value, concentration of the reactants, temperature, 
method of mixing, give different characteristics of magnetite and maghemite in the nano 
range. In the Sol-Gel synthesis by Sugimoto et al. (1993) for instance, α-Fe2O3 particles 
were obtained from FeCl3 solutions in Sodium Hydroxide (NaOH) after aging the gel 
at100°C for 8 days. In the Sol-Gel synthesis by He et al. (2010), magnetite Fe3O4 
particles obtained from FeCl3 solutions in NaOH after aging at 220°C for 30mins.  
 
3.3.2 Decorate CNTs with Nanoparticles to Enhance Magnetism 
Decoration of CNTs with iron oxide nanoparticles was of interest in obtaining nanotube-
nanoparticles composite materials with enhanced magnetic properties. The CNTs 
decorated with iron oxides are one of the most useful composite materials in nanoscale 
due to the combined feature of magnetism and CNTs, and they have many applications, 
such as the bio-manipulations by Li et al. (2006), the alignment networks by 
Tannenbaum et al. (2010), the Magnetic Resonance Imaging (MRI) by Richard et al. 
(2008).  
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Recently, several approaches for attaching iron oxide nanoparticles to the CNTs have 
been proposed, among which three are most important. In the first approach, CNTs 
attached with the iron oxide nanoparticles were formed during the process of fabricating 
CNTs (He et al., 2010). In the studies by Qiu et al. (2006) for instance, CNTs with 
attached iron oxide were obtained by Chemical Vapor Deposition (CVD) where 
ferrocene Fe (C5H5)2 was used as catalyst as shown in Figure 3.5. In the studies by Jang 
et al. (2005), CNTs containing iron oxide were obtained by the carbonization process 
where ferric chloride-embedded ployimide was used as a precursor.  
 
 
Figure 3.5 TEM images of iron oxide filled CNTs obtained via CVD of coal-gas (Qiu et 
al., 2006) 
 
In the second approach, iron oxide nanoparticles were attached into the hollow structures 
of CNTs (He et al., 2011). In the studies by Korneva et al. (2005) for instance, CNTs 
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(formed on the aluminum template via CVD) were washed through by water-based 
ferrofluids, resulting iron oxide filled inside of the tubes as shown in Figure 3.6. Other 
studies also have been proposed to obtain CNTs with filled nanoparticles, such as the 
Fe2O3 filled CNTs by Chen et al. (2006) and Fe3O4-filled CNTs by Cao et al. (2007). 
 
 
Figure 3.6 TEM images of the inside of CNTs filled with iron oxide nanoparticles 
(Korneva et al., 2005) 
 
In the third approach, iron oxide nanoparticles were attached onto the outer surfaces of 
CNTs via covalent or non-covalent links, as shown in Figure 3.7. This method can 
generally be preceded with two steps. The first step is involved with the CNT 
functionalization where the functional groups were formed on the surfaces, which further 
bind iron oxide nanoparticles. Various methods  related to functionalize CNTs have been 
designed, including the polymer wrapping method by Miguel et al. (2005), the ionic 
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chemistry (doping) method by Niyogi et al. (2002) and the oxidation method (acid 
treatment) by Zhang et al. (2004). By means of different functionalization methods, 
different functional groups can be formed on the outer surfaces of CNTs, such as the 
carboxylic acid group by Tannenbaum et al. (2010), the quinine group by Kuznetsova et 
al. (2000) and the phenol group by Yu et al. (1998).  
 
The second step is to attach iron oxide nanoparticles onto the surface of CNTs. The 
procedure used here is similar to the solution-based synthesis method for generating iron 
oxide nanoparticles as previously discussed 
 
 
Figure 3.7 TEM image of maghemite-CNT: Fe3O4 nanoparticles attached on the outer 
convex surface of the tube (Tannenbaum et al., 2010) 
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In addition, the surfaces of CNTs were suitable to bonding with other metal nanoparticles. 
The studies by Chun et al. (2008) have shown that the CNTs with curved surface changed 
the π-bonding in the graphene sheets, leading to different electronic structures that further 
enhance the interaction between CNTs and metal nanoparticles. Many studies related to 
decoration of CNTs with metal nanoparticles have been conducted, including the CNTs 
attached with Pt by Kaniyoor et al. (2009), the CNTs attached with Ag by Day et al. 
(2005), and the CNTs attached with Au by Choi et al. (2002). 
 
3.4 Summary 
In this chapter, several methods related to formation of aligned CNT networks and to 
decoration of CNT with magnetic nanoparticles were reviewed and more specifically: 
(1) In CNT based films, configurations of CNT networks can be divided into random 
and aligned distribution. In order to obtain aligned CNT networks, an external force in 
general needs to be employed to rotate CNTs in suspension into alignments.  
 
(2) An air flow can be used as an external mechanical force to align CNTs on the 
substrate. With this method, the density of aligned CNT networks can be controlled by 
suspension volume and the deposition cycle but the uniformity of aligned CNT networks 
is difficult to be controlled. 
 
(3) A magnetic force can be used as an external mechanical force to rotate CNTs into 
alignment. The method, however, requires the decoration of CNTs with magnetic 
nanoparticles to enhance their magnetic strength of the CNTs. 
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CHAPTER 4 
INTERACTION OF CNT WITH POLYMER MATRIX IN THIN FILMS 
 
4.1 Introduction  
In CNT based films, CNT embedded in the polymer matrix may serve as a material to 
reinforce the strength of the polymer matrix. At the interface between the nanotube and 
polymer matrix, Liao et al. (2003) suggested that the physical bonding such as Van der 
Waals interactions, cohesion (polymer chain wrap around the tube), may play an 
important role on the strength of fiber polymer composites. When the films were 
subjected to an in-plane straining, there is a significant stress transfer between the 
polymer matrix and the nanotubes (Frankland et al., 2002). To date, numerous methods 
have been proposed for describing such stress transfer at the interface, and among them, 
three are most important: Molecular Mechanical Simulation by Frankland et al. (2002), 
TEM Fragmentation by Wagner et al.(1998), Raman induced D band microscopy by 
Young et al. (2001). This chapter provides a review of these three methods.  
 
4.2 Molecular Mechanical Simulation  
Frankland et al. (2002) proposed a model which describes the interaction among the 
nanotube and polymer matrix (crystalline or amorphous) with the Molecular Mechanical 
Simulation (MMS), and the model is shown in Figure 4.1. The simulation was performed 
under several different circumstances of nanotubes (different L/D ratio), polymer chain 
and cross link. The estimated shear stress τt was further described by 
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                                                              τt   
σf 
L
                                                          (4.1) 
where σf is the tensile strength of CNT, D is the diameter of CNT and L is the critical 
length of CNT. According to the simulation results, the shear stress between CNT and 
polymer varied from 2.7 to 110MPa depending on shapes of CNTs and types of polymer. 
It is noted that the MMS results by Lordi et al. (2001) have shown that the shear stress 
ranges from 18 to 130 MPa.  Although the results obtained from MMS methods are based 
on the simulation, they are an important reference for estimating the interfacial 
interaction in CNT films, specifically for any new development. 
 
 
Figure 4.1 Illustration of the cross-linked systems. Left: crystalline matrix. Right: 
amorphous matrix (Frankland et al., 2002) 
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4.3 TEM Fragmentation Examination  
By applying tensile stress on CNT based films, Wagner et al. (1997) reported an 
experimental observation of CNT fragmentation. Under the Transmission Electron 
Microscopy (TEM) scanning, the fragmentation lengths of CNT were measured, as 
shown in Figure 4.2, and the ratio of fragmentation length (Lc) to the outer diameter (Dc) 
is about 50. Further, the shear stress can be found by the Kelly and Tyson model in 
(Kelly et al., 1965): 
                                                 (
  (  )
 (    ⁄ )
) (  
  
 
  
 )                                                   (4.2) 
where dc and Dc are the inner and outer diameters of the tube (respectively), Lc is the 
length of the tube (fragmentation length in this case),      is the shear stress. They used 
equation (4.2) to estimate   , resulting in around 500MPa and up (Note:    was taken to 
be         as a conservative value). The stress transfer efficiency in the CNT-polymer 
matrix was shown to be higher than that in the conventional fiber-polymer matrix, 
approximately more than one order of magnitude (Wagner et al., 1998).  However, this 
method is not applicable to CNT films where shear stress at the interface is comparatively 
low and thus is more likely to displace the nanotubes with polymer matrix instead of 
breaking them (see discussion later in section 7.3). 
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Figure 4.2 TEM image of a multilayer carbon nanotube at the polymer film, revealing the 
extent of nanotube fragmentation (arrows) (Wagner et al., 1998) 
 
4.4 Wavenumber Shift in Raman D* band   
Tuinstra et al. (1970) reported that the disorder-induced D* band in Raman microscopy, 
reflects a breathing vibrational mode in graphite. According to Dresselhaus et al. (1997), 
the D* band represents a symmetric vibration mode (A1g) which is further related to the 
so-called breathing mode. It is noted that a breathing mode in Raman microscopy 
represents the vibrations in the radial direction or along the nanotube axis.   
 
By placing CNTs in liquids or embedding CNTs in a polymeric matrix and then scanning 
it under the Raman microscopy, it was found by Wagner et al. (1998) that the 
wavenumber of the peak of D* band shifts upon immersion or embedding tubes in a 
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polymer matrix with respect to its position in air (Figure 4.3).  They further proposed that 
the shift in Raman wavenumber is originally attributed to the transfer of strain and 
stresses to the tubes from the surrounding liquid or polymeric matrix. 
 
 
Figure 4.3 Effect of immersion of CNT aggregates on the frequency of D* band in 
Raman spectrum. Placing the nanotubes in liquids increases the wavenumber of the peak 
position compared to that in air (Wagner et al., 1999) 
 
In another direction of studies, efforts have been taken on verifying that D* band of 
CNTs may strongly correlate with mechanical strain in the nanotube (Young et al., 2001). 
In a study by Zhao et al. (2001), they embedded CNTs (0.1wt %) in a polymer matrix 
(Rutapox L20 Epoxy Resin) to form CNT composite films. Under in-plane tensile 
straining to the film, under the Raman scanning, they found that the wavenumber shift of 
D* band was linear with the applied strain and the slope is about -1422cm
-1
/strain. A 
similar study conducted by Wagner et al. (1999) also showed that the slope was about -
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1000cm
-1
/strain in the CNT/polycarbonate film. More importantly, they proposed that the 
external pressure (p) from polymer matrix is attributed to the mechanical (axial) stress (σ) 
on the tube as described: 
                                                                      
pR
2t
                                                          (4.3) 
where σ is the stress in the axial direction of the nanotube, p is the pressure from the 
surrounding polymer matrix and R and t are the radius and thickness of the nanotube.  
Although the in situ method they proposed is able to obtain the applied strain data from 
both nanotubes and polymer matrix, the model however is not applicable to the cases 
concerned in this thesis for the reason that nanotubes in CNT films were not completely 
embedded into polymer matrix. As a result, the interfacial cohesion, instead of the 
external pressure, from surrounding polymer matrix was inclined to attribute to the axial 
stress on the tubes. The CNTs embedded in the polymer matrix exhibits a potential 
application as a nanoscale strain sensor.  
 
4.5 Summary  
In this chapter, several methods and models for estimating the stress transfer between 
CNT and polymer matrix in literature were reviewed. The conclusions drawn from these 
methods are summarized below. 
(1) In CNT based films, the physical bonding including VDW and cohesion 
interaction play an important roles on the stress transition at the interface between CNTs 
and polymer matrix. 
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(2) The molecular simulation and TEM fragmentation observation estimated that the 
shear stress at the interface between CNT and polymer matrix is about 2.7 to 110 MPa 
and 500 MP up, receptively, which are an important reference for estimating the 
interfacial interaction in CNT films concerned in this thesis. 
 
(3) In Raman microscopy, the D* band of CNTs strongly depends on mechanical 
strain on the nanotube.  By using this in situ method, the mechanical strain on both 
nanotubes and polymer matrix can be obtained simultaneously. Experimental results have  
shown that the wavenumber shift of the D* band was linear with the applied strain in the 
film.  
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CHAPTER 5  
MODELING PIEZORESISTIVE RESPONSE IN CNT NETWORKS  
 
5.1 Introduction 
Previously, it was discovered that the CNT films which are free of surfactants in CNT 
networks can exhibit a linear relationship between their conductance and applied in-plane 
strain (Miao et al., 2011). In this chapter, the modeling of piezoresistive response in CNT 
networks will be discussed. The objective of the study was to understand the mechanism 
which governs piezoresistive response in CNT networks. First, the percolation theory was 
applied to establish the relationship between the density and conductance of CNT 
networks to verify the hypothesis that the conductance of CNT networks follows the 
percolation theory. Then, two models were developed for describing piezoresistive 
response of CNT networks under in-plane straining: one for piezoresistive sensitivity 
(Gauge Factor) and the other for piezoresistive linearity.  
 
5.2 Percolation and Conductance in CNT Networks 
5.2.1 Materials and Method  
Layer-by-Layer Spray Deposition: HiPCo Single-Wall Nanotubes (SWNTs) were 
obtained from the Unidym Inc. The randomly distributed CNT networks were formed on 
the surface of Polyethylene Terephthalate (PET, Melinex 451) substrate by using the 
LBL spray deposition. In the first step, a suspension of CNTs was first prepared with a 
CNT concentration of 0.8mg/ml plus 1%wt surfactant Sodium Dodecyl Sulfate (SDS 
Sigma and Aldrich). The suspension was sonicated for 30 minutes using a probe 
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ultrasonicator (Branson Sonifier 150) at 40 watts and then centrifuged for 30 minutes at 
14000 rpm in the centrifuger (Eppendorf). The well centrifuged CNT-SDS solution was 
then carefully decanted into the spray gun for coating on a PET substrate. During the 
coating process, the substrate was heated through an aluminum plate to 80℃ by a 150 W 
infrared light bulb to prevent from the accumulation of solution in CNT networks. 
Spraying was done in pulses and after each pulse the substrate with CNT networks was 
dipped into distilled water to rinse off surfactant SDS. The CNT networks adhered to the 
substrate because of the strong adhesive forces between CNTs and the polymer substrate, 
which are a result of the hydrophobic property of CNTs. The density of CNTs was 
controlled by the number of pulses.  Each spraying or pulse time yields one layer of CNT 
networks deposited on the substrate.  
 
Several CNT films with different densities were fabricated by varying the number of 
pulses per sample. After the formation of CNT networks on the substrates, two parallel 
gold electrodes were sputtered on each film. These gold electrodes were used for 
electrical contacts and they had a separation distance (L) of 10mm and width (W) of 10 
mm, as shown in Figure 5.1. To this point, multiple samples were fabricated by this 
method and ready for testing.  
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Figure 5.1 A CNT film sample prepared for conductance and density measurement: the 
randomly distributed CNT networks (AFM Image left) deposited on the PET substrate 
and two gold electrodes sputtered to form the electrical contact for CNT networks  
 
Measurement and Instrument: A standard two-probe measurement to measure the 
resistance (R) of CNT networks between the two gold electrodes was taken. The 
measured resistance was then converted to sheet conductance σ (defined as 1/R0) where 
R0 is equal to R (since L=W). Raman measurement with a Renishaw Microscope (785 
nm excitation) was employed to examine the density in the CNT network in all samples. 
The amplitude at 1588 cm
-1
 shift was chosen to measure the density of CNTs, which is in 
compliance with the characterization of SWNTs identified by Keszler et al. (2004). In 
each sample, several spots within an area of CNT networks were selected and scanned. 
The scanned results were averaged to represent the amplitude at 1588 cm
-1
 wavenumber 
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shift, which is proportional to the density of CNTs in each sample, as shown in Figure 5.2. 
The validity of the Raman method refers to the work of Hagrasy et al. (2006). 
Accordingly, a relation between the density and conductance of CNT networks can be 
built from the measured results.  
 
 
Figure 5.2 Variance of amplitudes (thus density) of count peaks in different film samples 
at the G bands (1588 cm
-1
) of SWNTs  
 
5.2.2 Results and Discussion 
With the assumption that conductance in our CNT networks follows the percolation 
theory, CNTs are randomly distributed with no preferential direction, which further meets 
the stick percolation model (Pike et al., 1973). According to the stick percolation model, 
their conductance is dependent on the density in networks, which is further described by 
                                                          σ ∞ (N-Nc)
 α
                                                   (5.1) 
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where σ refers to the conductance of CNT networks, N to the density of CNT networks, 
Nc to the critical density and α to the critical exponent , which is equal to 1.33 in a two 
dimensional region and 1.94 in a three dimensional region (Pike et al., 1973), 
respectively.  
  
Using the information of the density of the CNT network obtained from the Raman 
spectroscopy and the two-probe measurement, a plot of sheet conductance σ versus 
density N of the CNT network for all the samples was shown in Figure 5.3. The best fit to 
the experimental result yields a value of α=1.938 (subsequently, σ~ (N- 0.95) 1.938, note: 
Nc = 0.95).  Although this experimental results is close to α=1.94, which sounds like that 
the CNT networks fabricated is a 3D structure, the author believes that the network 
fabricated is still a 2D structure (i.e., α=1.33). There are two reasons to support this 
speculation. First, in the fabrication, CNTs are randomly oriented in parallel with the 
surface of polymer substrate. Second, the thickness of the CNT network fabricated has 
little influence on their conductance according to the measurement with AFM (for the 
thickness) and conductance measurement on the film in the film plane. The discrepancy 
between 1.938 and 1.33 is caused by the experimental errors as well as assumptions. One 
of these assumptions is that all conducting sticks have the same conductivity, which is in 
line with the assumption that results in 1.33. However, in reality, our network system has 
1/3 metallic tubes and 2/3 semi-conducting tubes (according to the product data sheet). It 
is noted that there is the so-called Schottky barrier (Straderman et al., 2004), which 
changes the conductance in the metallic–semiconducting junctions. In addition, 
percolation theory is based on the assumption that all sticks are in the same diameter and 
46 
 
length, which was not true in the condition of the author’s experiment. Furthermore, any 
residual SDS surfactant in CNT networks may affect the conductance of the networks. In 
short, the CNT network in the CNT film fabricated in this study meets the stick 
percolation theory. 
  
 
Figure 5.3 The relation between the density and conductance of CNT networks in the 
CNT film; the onset conduction is indicated by the amplitude value 0.95 on the inset 
figure when the first percolative path formed in CNT networks (Data analysis can be 
found in APPENDIX C) 
 
5.2.3 Conclusion 
The Layer-By-Layer Deposition method is a reliable approach to the formation of 
randomly distributed CNT networks in CNT films. Each spraying (pulse) can result in a 
direct increase of density in CNT networks, which can be further measured under Raman 
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microscopy. In CNT films, CNT networks follow the stick percolation model with the 
critical exponent coefficient in the model being 1.938 
5.3 Modeling Piezoresistive Response in CNT Networks  
5.3.1 Materials and Methods 
Straining measurement for the samples fabricated with the method described in Section 
5.2 is shown in Figure 5.4 (a). The measurement was performed at the Material Test 
Laboratory at the College of Engineering at the University of Saskatchewan. The size of 
test specimens followed the ASTM standard A370 (the sheet-type specimens), and the 
specimens were made from Aluminum6061 –T61. CNT film samples were first glued 
(using Loctite 402) onto the specimens after polishing, degreasing (using acidic  surface 
cleaner) and naturalizing (using alkaline surface cleaner) onto the surface as shown in 
Figure 5.4(b). After overnight drying, the specimens were fixed in the tester (Instron 
5500). The tester induced 0.04 tensile strains (in-plane) on the specimen at a crosshead 
speed of 0.2mm/min as shown in Figure 5.4(c). 
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Figure 5.4 The film (a) glue onto the specimen (b) and the tester stretching the specimen 
to induce in-plane strains on the film (c) 
 
During the tensile elongation, the changes in conductance of CNT films were recorded at 
every 0.005ε by the multimeter (Fluke 115) through the golden electrodes, and the circuit 
was supplied with a 10 mA DC current. Tensile displacement was recorded in the tester 
simultaneously to provide a base-line for comparison with the measured conductance. As 
the CNT film was stretched, the elongation of the film led to the change of conductance 
in CNT networks, which represents the piezoresistive response in strain detection. The 
two dependent variables, namely Gauge factor (representing the sensitivity of 
piezoresistive response) and linearity of piezoresistive response were then determined.  
 
Before the experiment, a simulation was also performed by ANSYS 11.0 to verify that 
the uniform tensile strain (in-plane) is distributed on CNT networks. It can be seen in 
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Figure 5.5 that the CNT film (the rectangular plane in the centre) are attached onto the 
tensile test specimens (the block), which was elongated up to 0.3 tensile strain.  In order 
to avoid CNT networks under non-uniform strain, the gold electrode area was made large 
enough (least 5mm x 10 mm) to cover the area with non-uniform strain at the both ends of 
the film, as shown Figure 5.5. 
 
 
Figure 5.5 Tensile strain simulated on the test specimen to verify that in-plane strain is 
uniformly distributed on sensing material area (non-uniform area marked with circles) 
 
5.3.2 Results and Discussions  
In the preceding section, it has been found that the relation between percolation and 
conductance in CNT networks follows the stick percolation mode (Pike et al., 1973). The 
best fit to the experimental result yielded a value of α=1.938 (subsequently, σ~ (N- 0.95) 
1.938
) with critical density of 0.95. When the CNT film is subject to in-plane tensile 
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straining (as εy) as shown in Figure 5.6, the area of CNT networks is changed, and the 
area variation can be described by 
                             A+ΔA= (Ly+ Ly x εy) x (Lx - ν x Lx x εy)                                      (5.2) 
where A refers to the original area of CNT networks, which is equal to 100 mm
2
 (Ly×Lx), 
ΔA is the area change, Ly and Lx are the separation distance and width, which are equal to 
10 mm, εy is the in-plane strain, which is up to 0.04, and ν is Poisson’s Ratio of 
Aluminum T61, which is equal to 0.33. 
 
 
Figure 5.6 Schematic of a CNT film subject to in-plane straining 
 
Therefore the area change (ΔA) gives rise to the new density (Nn) of CNT networks, 
which can be described by 
                                                             Nn= 
  x  
    
                                                       (5.3) 
where N is the original density of CNT networks. From equation 5.3, one can see that the 
density of CNT networks decreases when the CNT film is subject to in-plane tensile 
straining. According to the percolation equation σ~ (N- 0.95) 1.938, the conductance 
change (Δσ) due to the density change can be described by 
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                                             σ- σ n = Δσ, where σn~ (Nn- 0.95)
 1.938
                          (5.4) 
Piezoresistive response of CNT networks in the CNT film can thus be explained such that 
when the CNT film experiences a strain (in-plane), displacements of individual tubes on 
the substrate induce the density change in CNT networks, and this further leads to 
variations in the conductance of the film.  
 
For the CNT film with a given conductance (σ), its piezoresistive response can be 
determined by the following procedure. Step 1: the original density (N) can be obtained 
by equation σ~ (N- 0.95) 1.938; Step 2: when the CNT film is subject to a certain in-plane 
strain (εy), the changed density (Nn) is calculated from equations (5.2) and (5.3); Step 3: 
the conductance changes (Δσ) is calculated from equation (5.4); Step 4: the GF and 
linearity are calculated by GF=
Δσ σ
 εy
 and Linearity= dσ /d  εy , respectively. Figure 5.7 
shows a comparison of the prediction of gauge factor with the foregoing procedure and 
the experimental result of gauge factor from one sample. The two have an excellent 
agreement.  
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Figure 5.7 Comparison of the theoretical prediction of gauge factor (GF) and the 
experimental GF when the CNT film is subject to in-plane straining  
 
Further using the procedure described above, the piezoresistive response in the CNT film 
with a different original density (N) subject to in-plane straining was calculated. As a 
result, the original density versus gauge factor and the original density versus 
piezoresistive linearity are shown in Figure 5.8 (a) and (b), respectively. From Figure 5.8 
and Table 5.1, one can see that the theoretical prediction and experimental result are in 
good agreement. 
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Figure 5.8 The effect of original density (N) on piezoresistive response in CNT networks: 
(top) gauge factor vs. original density (bottom) linearity vs. original density, including 
both experimental and theoretical results 
 
Table 5. 1 The experimental results collected from 16 film samples 
Density GF Linearity Density GF Linearity 
7.431 1.44 0.998 1.873 2.9 0.993 
6.433 1.6 0.997 1.442 4 0.99 
3.761 1.9 0.998 1.473 3.8 0.987 
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3.633 1.9 0.999 1.244 5.05 0.9 
3.065 2.1 0.993 1.172 NA NA 
2.464 2.3 0.993 1.090 NA NA 
2.272 2.4 0.998 0.95 NA NA 
1.971 2.5 0.998 0.93 NA NA 
 
 
Further, Figure 5.8 shows that the increase of the original density of CNT networks leads 
to the decrease of gauge factor but the increase of piezoresistive linearity. This trend is 
consistent with the study reported by Martinez et al. (2010). In their study, the highest 
gauge factor was obtained in the lowest electrical conductivity (the lowest density) in 
polymeric composite films (conductive nanofillers as sensing materials), and vice versa. 
In addition, Figure 5.8 shows that there is an obvious trade-off between the GF and 
linearity when the density was less than 2. When the density was larger than 2, the GF 
decreased with a nearly constant linearity (approximately equal to 1). Therefore, the 
optimal density of the films should be around 2 for the CNT film which is subject to in-
plane straining. 
 
5.4 Conclusions  
This chapter presented a study on modelling of piezoelectric resistance of CNT networks 
in the CNT film where both theoretical developments and experimental measurements 
were described. The results obtained from this study can conclude: (1) CNT networks in 
the CNT film follows the stick percolation model with the critical exponent of 1.938; (2) 
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the theoretical models, one for the relation between the density and gauge factor and one 
for the relation between the density and linearity for the CNT film subjected to in-plane 
straining, are accurate; (3) with these models, an optimal in-plane strain sensor built upon 
the CNT film should be such that its density is around 2.  
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CHAPTER 6  
PIEZORESISTIVE RESPONSE IN ALIGNED CNT NETWORKS UNDER IN-
PLANE STRAINING 
 
6.1 Introduction 
In this chapter, piezoresistive response in aligned CNT networks was investigated. In 
order to obtain aligned CNT networks, magnetic force was employed to align the CNTs 
in the films. The CNTs were first decorated with iron oxide nanoparticles to enhance 
their magnetic strength to facilitate their alignment. In the fabrication of CNT films, the 
decorated CNTs were deposited on the polymeric substrate in a magnetic field to form 
aligned CNT networks. Piezoresistive response of the networks was measured as the film 
was under in-plane straining.  
 
6.2 Decoration of CNTs with iron oxide nanoparticles  
The method used here to decorate CNTs with iron oxide nanoparticles was an adaptation 
of a previously reported synthesis by He et al. (2011). 
 
6.2.1 Materials and Method 
Acid oxidization (or functionalization): The 100 mg MWNTs (Shenzhen Nanotech Port) 
and 40mg SWNTs (Unidym Inc) were separately dispersed in a solution of 9 ml 
concentrated sulfuric acid (H2SO4) and 3 ml concentrated nitric acid (HNO3) (3:1 volume 
ratio).  Both MWNT and SWNT solutions were sonicated in a typical ultrasound bath 
(Branson 3510) for 3 hours as shown in Figure 6.1. After each hour, a sample of solution 
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was removed from both solutions, diluted (with distilled water) and centrifuged several 
times for Raman characterization (Renishaw Microscope 2000).  
 
 
Figure 6.1 MWNTs and SWNTs dispersed in mixture of concentrated acid by sonication 
in ultrasound bath  
 
After 3 hours sonication, both acid mixture containing CNTs was then diluted to 20% of 
its original concentration. The functionalized CNTs were filtered through the filter 
membrane (0.2 μm, Nalgene) with the aid of vacuum pump. Both SWNT and MWNT 
samples were washed several times vigorously with distilled water during filtration in 
order for them reach neutral pH. The sample powders were dried in the vacuum oven at 
70 ºC overnight. To this point, the functionalized CNTs were ready for the decoration 
with iron oxide nanoparticles. 
 
Decoration of CNTs with Iron Oxide Nanoparticles: Sodium Hydroxide (NaOH, 
Sigma & Aldrich) was first dissolved in Diethylene Glycol solution (DEG, Sigma & 
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Aldrich) for later use. The NaOH (1000 mg, 2.5 mmol) was added into 10mL of DEG 
(100 mg/ml) under nitrogen atmosphere and magnetic stirring. The mixture was heated to 
120ºC for 1 hour and then maintained at 70ºC for later use.  
 
It is noted that the functionalized MWNTs (f-MWNT) were obtained, but the 
functionalized SWNTs (f-SWNT) were severely damaged after the acid oxidization 
process and thus cannot be used in the decoration process (see later for details). Two feed 
ratios between iron oxide nanoparticles and f-MWNTs (5/1 and 1/1) were used in the 
decoration process.  
 
In the feed ratio of 5/1 (w/w), the 30 mg f-MWNTs were dispersed in the 10 ml DEG in 
an ultrasonic bath (Branson 3510) for several minutes. The well dispersed mixture was 
then placed in a three-neck round-bottom flask equipped with a condenser which was 
located on a magnetic stirrer equipped with a heater, as shown in Figure 6.2. 540 mg 
FeCl3·6H2O (2 mmol, the iron content is about 150 mg) was then added and the mixture 
was maintained at 220 ºC for 30 minutes. The 2.5 mL pre-prepared NaOH/DEG solution 
was injected into the stirring mixture via a syringe. The resulting mixture was further 
maintained at220 ºC for 1 hour.  
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Figure 6.2 Experimental setups for the decoration process of f-MWNTs with iron oxide 
nanoparticles: the mixture placed in a three-neck round-bottom flask equipped with a 
condenser, located on a magnetic stirrer equipped with heater 
 
After cooling down to room temperature, the mixture was separated by centrifugation 
(Beckman Coulter X-22R) at 15000 rpm , re-dispersed in ethanol and re-centrifuged for 
several times. The sample was then re-washed in distilled water and re-centrifuged for 
several times. The collected powder was dried in the vacuum oven at 60 ºC overnight. 
The same procedures were also followed to prepare the f- MWNTs with feed ratio 
1/1(w/w), in which 30 mg f-MWNTs, 105mg FeCl3·6H2O (0.39 mmol, the iron content is 
about 30 mg) and 5 ml DEG solution (10 mg/ml) were used.  
 
6.2.2 Results and Discussions  
Acid Oxidization process was a common method used for the functionalization (or 
carboxylation) of CNTs. In general, oxidization tends to happen at the defect site on the 
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surfaces of CNTs, where functional group carboxylic acids (-COOH) can be formed at. 
However, with the acid oxidization process as designed before, Raman image showed 
that the functionalized SWNTs exhibit significant lower ratio between the intensity of D 
bands (1347 cm
-1
) and that of G bands (1589 cm
-1
) in comparison with the ratio for 
pristine SWNTs (Figure 6.3). According to a study by Shi et al. (2000), G band 
corresponds to the tangential modes of vibrations, while D band corresponds to the 
modes of vibration due to scattering from a defect which breaks the basic symmetry of 
graphene sheet. It can be seen from Figure 6.3 that the ratio between G and D bands in 
the SWNTs decreases from 6.84 (pristine) to 1.7 (3 hours oxidization), which suggests 
the presence of more defects on the surface of the SWNTs (due to the increase of 
oxidization time).  
 
Figure 6.3 Raman microscopic results of SWNTs before and after acid oxidization 
process, ratio of G/D band: 6.84 (pristine), 3.2 (1 hour), 2.4 (2 hours) and 1.7 (3 hours) 
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In the same treatment, Raman microscope of the f-MWNTs showed that the ratio 
between G and D band increase from 0.94 (pristine tubes) to 1.15 (after 3 hours 
oxidization, Figure 6.4).  The insignificant changes in the ratio of G/D bands suggest that 
MWNTs present fewer defects after the oxidization process as opposed to SWNTs. Due 
to the structural difference, the single layer of graphene in SWNTs appeared to be 
destroyed into amorphous carbon (evidenced by the decrease of the G/D ratio). 
Interestingly, a similar finding was reported by Zhang et al. (2004) where the layered 
structures of SWNT were destroyed during the nitric acid oxidization. As a result, 
SWNTs after the acid oxidization process are no long suitable for the decoration of iron 
oxide nanoparticles; as their single layered walls are destroyed, and thus they are not able 
to provide a platform for bonding with nanoparticles. 
 
 
Figure 6.4 Raman microscopic results of MWNTs before and after acid oxidization 
process, ratio of G/D: 0.94 (pristine), 1.1 (1 hour), 1.1 (2 hours) and 1.15 (3 hours) 
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Decoration of CNTs with iron oxide nanoparticles: Electron Paramagnetic Resonance 
(EPR) spectroscopy was used to characterize the attached iron oxide nanoparticles. EPR 
spectra of the samples were shown in Figure 6.5.  It can be seen that the decorated CNTs 
contain magnetite Fe3O4 and hematite α-Fe2O3 nanoparticles. 
 
 
Figure 6.5 X band ESR spectra of the samples, showing that the attached nanoparticles 
are the mixture of Fe3O4 and Fe2O3 (reference samples courtesy of Dr. J. Zhou) 
 
After the oxidization process,  -COOH,  as a carboxylic functional group,  was attached 
to the defect site on the surfaces of CNTs, then the iron oxide nanoparticles would be 
able to covalently tethered to the oxidized defect sites on the outer surfaces of the CNTs 
during the sol-gel synthesis as shown in Figure 6.6. 
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Figure 6.6 Schematic descriptions of carboxyl groups –COOH formed on the defect sites 
on the surfaces of the CNT; iron oxide nanoparticles attached onto the defect sites via –
COOH binding 
 
The precursor Fe (in FeCl3) was first coordinated to the carboxyl groups –COOH on the 
surfaces of f-MWNTs in DEG solution. After adding the NaOH/DEG solution (OH
–
) into 
the mixture, the Fe was then hydrolyzed and eventually dehydrated to generate magnetite 
Fe3O4 nanoparticles on the surface of MWTNs. During the aging process, some 
magnetite Fe3O4 nanoparticles were further oxidized and formed as hematite α-Fe2O3 
nanoparticles. The relevant chemical reaction can be expressed by: 
3Fe
3+
 + 8OH
−
 + F-MWNT → MWNT/Fe3O4 +4H2O                                                 (6.1) 
2Fe3O4 + 0.5O2 = 3 Fe2O3                                                                                                                                         (6.2) 
Transmission Electron Microscopy (TEM) was used to observe the microstructure of the 
samples. For the two different feed ratios (5/1, 1/1), typical images were shown in Figure 
6.7.  It can be seen from the figure that the iron oxide nanoparticles are present as 
spherical nanoscale-crystals and located on the sidewalls of the tubes.  
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Figure 6.7 TEM images of decorated nanotubes: iron oxide nanoparticles attached on the 
outer surfaces of the tube with feed ratio of Fe/f-MWNTs (a) 5/1 and (b) 1/1 
 
The CNTs decorated with iron oxide nanoparticles exhibited an enhanced magnetic 
susceptibility since the magnetite nanoparticles imparted their magnetic characteristics to 
the nanotube, as shown in Figure 6.8. In the fabrication of CNT films, the enhanced 
magnetic properties can facilitate the rotations of CNTs into alignments under the 
external magnetic force (discussed in subsequent section of this thesis). 
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Figure 6.8 Decorated MWNTs with iron oxide nanoparticles exhibit enhanced magnetism 
as applied under a magnet field (a) in air and (b) in solution  
 
6.2.3 Conclusion  
Functionalization of SWNTs with acid treatment is difficult to be achieved, since their 
single layered walls were severely damaged. For MWNTs however, the functionalization 
happened on the defect site of their outer surfaces where the carboxylic acids group (-
COOH) were formed.  
 
In the decoration process, the iron oxide nanoparticles were generated and eventually 
attached on the surface of the MWNTs via covalent bonding with carboxylic acids (-
COOH). The decorated CNTs with iron oxide nanoparticles exhibited enhanced 
magnetism. 
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6.3 Piezoresistive Response of Aligned CNT Networks  
6.3.1  Materials and Methods 
The CNTs decorated with iron oxide nanoparticles were used here to form aligned 
networks in the CNT films that were prepared with feed ratio of 5/1 (Fe/f-MWNTs) in 
the section 6.2.2. 
 
A suspension of the decorated CNTs was prepared with a concentration of 0.25mg/ml in 
millipore water (used as received). The suspension was sonicated for 10 minute using a 
probe ultrasonicator (Branson Sonifier 150). The well dispersed solution was then 
decanted into the spray gun for coating onto the polymer substrate (PET, Melinex 451). 
During the coating process, the substrate was placed between a pair of magnets, where 
the substrate surface was parallel to the magnetic field (0.3T) as shown in Figure 6.9 (a). 
After each pulse of spraying, it can be seen that many isolated suspensions were 
produced and deposited on the substrate where tubes were oriented parallel to the 
direction of the externally applied magnetic field. After the solvent was eventually 
evaporated, the nanotubes were aligned on the substrate as shown in Figure 6.9 (b). The 
density of CNT networks was controlled by spraying volumes (or number of pulses). Five 
different spray volumes were used in fabricating CNT films, namely 2mL, 3mL 4mL, 
5mL and 6mL. 
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- 
Figure 6.9 (a) Schematic description of spray deposition method used to fabricate aligned 
CNT networks; (b) Scanning Electron Microscope (SEM) image of aligned CNT 
networks fabricated by the spray deposition with the aid of magnetic field method (SEI 
15Kev, WD 12mm, SS40) 
 
Two parallel gold electrodes, with a separation distance (L) of 5mm and width (W) of 5 
mm, were sputtered on the CNT film to function as electrical contacts. Three types of 
CNT networks were then made in between the electrical contacts as shown in Figure 6.10: 
(a) randomly distributed CNT networks (without magnetic field), (b) CNT networks 
aligned at 90º to the electrical contacts and (c) CNT networks aligned at 0º to the 
electrical contacts.  
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Figure 6.10 Schematic description of three types of configurations in CNT networks: (a) 
randomly distributed, (b) aligned at 90º to gold electrodes and (c) aligned at 0º to the gold 
electrodes 
 
A solution was first prepared with 5% concentration of Polymethyl Methacrylate 
(PMMA, Sigma and Aldrich) in Chloroform (MG chemicals) at 70ºC while stirring. The 
transparent solution was then coated on the top of the formed CNT networks by a spin 
coater (Headway Research, PWM32) at 1000rpm for 1min (electrodes were masked 
during the coating). The electrical connection for strain detection was established by 
drying silver paste (MG chemical) on the gold electrodes with the twisted-strand wire to 
form two probes on both ends of the film (the overall contact resistance is less than 
100Ω). To this point, all film samples were ready for in-plane strain testing. The 
complete structure of CNT films consist of the CNT networks sandwiched by the PMMA 
upper layer and the PET substrate, which is a type of CNT films for strain detection 
(Miao et al., 2012).  
 
All film samples were first tested by the probe measurement (between gold electrodes) to 
obtain the sheet resistance R. The CNT films were then tested under the three points 
bending test at the Material Test Laboratory at the College of Engineering at the 
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University of Saskatchewan for piezoresistive measurement. The size of test bar (150mm 
x 30mm x 6mm) followed the ASTM D790, which were made from Polyvinyl Chloride 
(PVC). All CNT films were first attached (by Loctite 402) onto the centre of the PVC bar 
after polishing, degreasing and naturalizing the adhesion surface. The bars were then 
fixed in the three points bending tester where a cycled 4 mm maximum deflection was 
applied onto the middle of the span (120 mm) to induce a cycled 0.08 in-plane strain 
(pre-calibrated by a standard strain gauge) on the CNT film at crosshead speed 2 mm/min 
as shown in Figure 6.11. 
 
 
Figure 6.11 CNT film sample attached onto the centre of the PVC bar and fixed in the 
three points bending tester 
 
After the film was subjected to a cycled load, its resistance (R) changes with respect to 
the applied strain (ε) were recorded by a digital multimeter. As shown in Figure 6.12, 
Gauge Factors (GF) (defined as GF=
    
 
, where ε is an applied in-plane strain) were then 
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calculated based on the experimental results. The repeatability (%), defined as (R12min – 
R0min) / R0min, was calculated for each film sample as well. 
 
 
Figure 6.12 Representative time history response of the CNT film sample (solid line) 
subjected to a cycled strain ε 0~0.08 (dash line) 
 
6.3.2 Results and Discussion  
Two-probe measurements were performed on all three types of CNT networks and the 
resistance results were shown in Figure 6.13 and Table 6.1. For all three types of CNT 
networks prepared, the resistance decreases with the increase of spraying volumes (which 
increases the density of CNT networks). Straderman et al. (2004) suggested that the 
conductance through the tube to tube contacts should dominate the overall conductance 
of the network. Under the same spraying volume (thus the same density of CNT 
networks), it can be seen from Figure 6.13 that the CNT networks aligned at 90º to gold 
electrodes (thus 0º to the applied current passage) exhibit the lowest resistance. Such type 
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of aligned networks has the most tube-tube contacts; as a result it exhibits the lowest 
resistance. When CNTs are aligned at 0º to gold electrodes (thus 90º to the applied 
current passage), the shortage of tube-tube contacts severely increases the resistance in 
such networks. 
 
 
Figure 6.13 Resistance versus spraying volume in each type of CNT network 
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Table 6.1 Resistance versus spraying volume in three types of CNT network distributions 
(Calculation method see APPENDIX D) 
Spray 
Volume 
(mL) Error 
Randomly 
distributed 
(KΩ) Error 
Aligned at 90° 
to 
electrodes(KΩ) Error 
Aligned at 0° 
to 
electrodes(KΩ) 
2 ±7% 18.6 ±4% 18.1 ±9% 81.535 
3 ±10% 15.125 ±2% 14.2 ±6% 56.655 
4 ±4% 12.715 ±5% 12.18 ±6% 25.95 
5 ±3% 6.575 ±7.4% 6.7 ±10% 14.01 
6 ±2% 4.13 ±6.4% 3.95 ±5% 6.07 
 
 
The GFs of the network under in-plane straining are shown in Figure 6.14 and Table 6.2. 
In all three types of CNT networks, it can be seen that the GF decreases with the increase 
of spraying volumes. Under the same spraying volume, the GF of the networks aligned at 
0º to the gold electrodes has the highest values, while the GF obtained from the networks 
aligned at 90º to the gold electrodes has the lowest values and the GF values of the 
randomly distributed networks are between those of the two aligned networks. The 
foregoing results can be explained by the mechanism of Straderman et al. (2004). To the 
CNT networks aligned at 0º to the gold electrodes (thus 90º to the applied strain), the 
tube-tube contacts are affected most by the straining, so the conductance is most affected, 
which further gives the highest GF in the film. In contrast, to the CNT networks aligned 
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at 90º to the gold electrodes (thus 0º to the applied strain), the tube to tube contacts are 
affected least by the applied stain, thus exhibiting the lowest GF in the film. To the CNT 
networks randomly distributed, the tube to tube contacts affected between the two aligned 
CNTs networks. 
 
 
Figure 6.14 Gauge factors versus spraying volume in each type of CNT network  
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Table 6.2 Gauge factors versus spraying volume in three types of CNT network 
distributions (Calculation method sees APPENDIX D) 
Spray 
Volume 
(mL) Error 
Randomly 
distributed Error 
Aligned at 
90° to 
electrodes Error 
Aligned at 0° 
to electrodes 
2 ±9% 2.345 ±5% 2.095 ±6% 4.49 
3 ±5% 2.15 ±6% 1.6 ±7% 3.935 
4 0 1.7 ±7% 1.575 ±5% 2.885 
5 ±4% 1.56 ±4% 1.415 ±16% 2.18 
6 ±2% 1.225 ±3% 1.215 ±3% 1.395 
 
 
The repeatability for the three types of CNT film is listed in Table 6.3. It can be seen 
from the table that both CNT networks randomly distributed and aligned at 90° to the 
gold electrodes exhibit the similar repeatability value varying from 0.43% to 1.25%. The 
CNT networks aligned at 0° to the gold electrodes however exhibit severe resistance 
reduction ranging from -6% to -27%. The foregoing result can be attributed to the 
uncertainty of tube rotation (clockwise, counter clockwise). First, CNT tend to rotate to 
align with the direction of applied straining (Jin et al., 1998; Ajayan et al., 1994). Second, 
to the tube which is perpendicular to the straining direction, the course that the tube 
rotating to the straining direction can be either clockwise or counter clockwise, which one 
of the two is an uncertain event,  thus suggesting the poor repeatability of the CNT films 
aligned at 0° to the gold electrodes.    
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Table 6.3 Repeatability for three types of CNT network distributions after a cycled in-
plane straining (note: the calculation method is seen in APPENDIX D) 
Spray 
Volume 
(mL) 
Randomly 
distributed #1 
Randomly 
distributed #2 
Aligned at 
90° to 
electrodes #1 
Aligned at 
90° to 
electrodes #2 
Aligned at 0° 
to electrodes 
#1 
Aligned at 0° 
to electrodes 
#2 
2 0.50% 0.70% 0.60% 1.30% -30% -24% 
3 0.50% 0.36% 0.90% 0.70% -22% -27% 
4 0.80% 1.70% 0.50% 0.70% -17% -15% 
5 0.70% 0.90% 1.30% 1.10% -18% -9.60% 
6 0.90% 0.90% 1.20% 1% -5.10% -7.50% 
 
6.3.3 Conclusion  
First, with the enhanced magnetism, the CNTs decorated with iron oxide nanoparticles 
can be well aligned to the direction of the externally applied magnetic field (0.3T) so as 
to form aligned CNT networks on the polymer substrate by spraying deposition. 
 
Second, the configuration of CNT networks (or distribution of CNTs) in the film with 
respect to the direction of straining is an important factor to determine piezoresistive 
response (sensitivity and repeatability). In particular, the CNT networks aligned at 90º to 
the gold electrodes and at 0º to the gold electrodes have the lowest and highest GF, 
respectively. 
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Third, the CNT networks aligned at 0° to the gold electrodes are not suitable for in-plane 
strain detection. The randomly distributed CNT networks are best suitable for in-plane 
strain detection. 
 
6.4 Conclusions  
(1) Functionalization of SWNT by acid treatment method is difficult to be achieved, 
but for MWNTs, the method is highly possible.  
(2) Decoration of iron oxide nanoparticles on MWNTs is highly feasible and 
achieved. The decorated CNTs with iron oxide nanoparticles exhibited enhanced 
magnetism. 
(3) In CNT films, aligned CNT networks were achieved on the polymer substrate by 
spraying deposition under an externally applied magnetic field. 
(4) The configuration of CNT networks in CNT films with respect to the direction of 
straining is an important factor to determine piezoresistive response. 
(5) The randomly distributed CNT networks are best suitable for in-plane strain 
detection, with regard to the sensitivity and repeatability. 
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CHAPTER 7  
INTERACTION OF CARBON NANOTUBE WITH POLYMER MATRIX IN 
CNT FILMS UNDER IN-PLANE STRAINING 
 
7.1 Introduction  
The nature of CNT films in structure is that CNTs as conductive tubes are distributed on 
or within polymer matrix. When the CNT film is under in-plane straining, the tubes 
displace with the substrate, which causes the conductance of the film change. This 
change mechanism, as now known, is due to reconfiguration of the CNT networks. 
During the reconfiguration process, the bonding between the nanotube and polymer 
matrix can likely be a significant factor (Liao et al., 2003). 
 
In this chapter, a study on the interaction between the CNT and polymer matrix for the 
CNT film (fabricated with the approach developed in this thesis) is presented. The goals 
of the study were (i) to examine the slipping phenomenon and (ii) to develop a model 
which describes the underlying mechanism. Two types of films were studied: CNT-only 
films (regular films) and sandwiched CNT films (CNTs are in between polymer matrix).  
 
7.2 Materials and Methods 
Fabrication Process: The SWNTs (HiPCo-CNTs) was purchased from Unidym Inc. The 
fabrication method for CNT films was same as proposed formerly by Miao et al. (2010).  
The concentration of 0.05mg/ml of SWNTs suspension (the 1 wt% Sodium Dodecyl 
Sulfate as surfactant removed afterwards in the fabrication) was sonicated for 2 hours and 
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deposited on the Polyethylene Terephthalate substrate (PET, Melinex 329). The CNT 
films with 1, 3, 5 layered networks were fabricated respectively. It should be noted that a 
long sonication hour, low concentration of the suspension and low number of layered 
dispositions were used to ensure the dispersion of CNT bundles into individual tubes to 
avoid the situation where tubes stay in the bundle (Ajayan et al., 2000).  
 
CNT films with the sandwiched structures can also be made where CNT networks are 
located in between two polymer layers. The fabrication method for such films has been 
proposed by Miao et al. (2012). In this chapter, 0.05mg/ml suspension of SWNTs (the 
1wt% Sodium Dodecyl Sulfate as surfactant removed afterwards in the fabrication)  was 
sonicated for 2 hours and deposited on the PET (Melinex 329) substrate and then 3 wt% 
of PMMA/chloroform (Sigma and Aldrich) solution were spin coated on the top of 
formed networks. The CNT film sandwiched samples with 1, 3, 5 layered networks were 
fabricated, respectively.  
 
Both types of film samples were first tested under the Instron Tester 1122 and their 
mechanical properties were shown about the same with yield point of 4%~5% at 1kN 
tensile load. 
 
A homemade mini tensile tester was designed for this study and was fabricated at the 
Engineering Workshop at the University of Saskatchewan. The structural details of the 
tester are seen in Appendix B. Both film samples were cut and fixed in the tensile tester 
with 25 mm long, as shown in Figure 7.1. During the tensile test, film samples were 
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elongated upon the rupture point in the unit step of 0.5 mm, which was half turn on the 
handle of the tester.  
 
 
Figure 7.1 The CNT film sample fixed in the homemade mini tensile tester with 25mm of 
original length 
 
Raman Characterization: Raman measurement (with a Renishaw Microscope 2000) 
was used in this study to examine the wavenumber of the D* band on nanotubes in the 
films (owing to its suitability to study carbon materials, see the previous discussion in 
section 4.4). After the film samples were placed in the home-made tensile tester, Raman 
spectra were obtained in the backscattering geometry with 785nm line of 1.5mW laser 
(x50 lenses and 1% laser power used). The polarized laser beam was focused on the film 
samples with about the 2 µm diameter laser spot. 
 
The laser polarization direction in Raman microscopy was set to be parallel to the applied 
tensile straining. The spectroscopy in Raman selected out the signal from the nanotubes 
Handle 
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lying along the polarization direction. In both film samples, nanotubes were randomly 
distributed on the polymeric substrate. Therefore only the tubes with mechanical strain 
along with the applied tensile load were examined within the laser scanning spot (Wagner 
et al., 2001). In the tensile test, Raman scanning was performed and recorded after each 
0.5 mm (0.02 ε) elongation. As a result, the wavenumber of the D* band was the average 
value (automatically calculated in the system) from tubes whose alignments were along 
with the tensile loading directions.  
 
7.3 Results and discussion 
In both film samples, nanotubes were embedded or partially embedded in polymeric 
matrix. Prior to the testing, there has already been some D* band wavenumber shift due 
to the pre-stress induced from the interaction between the tubes and polymer matrix, as 
shown in Figure 7.2. It can be seen from the figure that the peak position of the 
wavenumber of the D* Band on tubes from both film samples increases with respect to 
their peak position in air at room temperature and pressure. Under the room condition, the 
atmosphere pressure (1atm) is small compared with the external pressure from the 
surrounding polymer matrix. As a result, such shifts in both film samples are a 
consequence of the polymer matrix where nanotubes apparently responded to the external 
force. In both type films, the D* band wavenumber of tubes was about the same among 
different numbers of layered networks (different network densities). Therefore, the Van 
der Waals (VDW) interaction among CNT bundles was not the major external force 
compared with the applied external force on the tubes from surrounding polymer matrix.  
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Figure 7.2 The peak position of the D* band wavenumber of tubes in both film samples 
with respect to their peak position in air; the number of layered networks, represented by 
1L,3L,5L; Regular and Sandwiched types of films  represented by capital R and S, 
respectively  
 
When both film samples were subjected to the in-plane straining, the mechanical strain 
was transformed from surrounding polymer matrix to the tube, which caused the D band* 
wavenumber peak shift linearly with respect to the applied strain. The experimental 
results obtained from the regular CNT films were shown in Figure 7.3. The change in 
wavenumber with respect to the applied tensile strain has constant values of -51.75cm
-
1/strain up to 0.12ε. 
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Figure 7.3 The change in wavenumber of the D* band of nanotubes with respect to the 
applied tensile strain in regular CNT films 
 
For the film with the sandwiched structure, the wavenumber shifts of the D* band with 
respect to the applied in-plane strain was shown in Figure 7.4. By comparing with regular 
films, the wavenumber peak shifts linearly with the applied strain at constant value of -
135.3cm
-1
/strain and up to 0.25ε point, where the upper PMMA layer started to peel off 
from the PET substrate.  
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Figure 7.4 The change in wavenumber of the D* band of nanotubes with the applied 
tensile strain in sandwiched type of CNT films 
 
In CNT composite films, Wagner et al. (1999) proposed that the nanotubes were 
completely embedded into the polymer matrix. When the film was under in-plane 
straining, their model showed that the external pressure (p) from the surrounding polymer 
matrix is attributed to the axial stress (σ) on the tube, as described by 
                                                           
pR
2t
                                                              (7.1) 
where σ is the stress in the axial direction, p is the pressure and R and t are the radius and 
thickness of the nanotube. This model was, however not applicable to the situation here 
due to the following reasons: 1) p in their model refers to the internal pressure rather than 
to the external one; 2) In the films of the present study, nanotubes were partly embedded 
into polymer matrix, whereas their model assume that the nanotubes are completely 
embedded in the polymer matrix.  A new model is needed for the CNT films in the 
present study. Figure 7.5 shows a schematic model of the present situation, where the 
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tube is placed in the middle of the polymer matrix and aligned along with the applied 
tensile load F. 
 
 
Figure 7.5 The schematic model of the tube placed in the middle of the polymer matrix 
and aligned along with applied tensile load F 
 
Under the applied tensile load F, the interactions of the tube with polymer matrix can be 
categorized into two situations.  In the first situation, the interfacial cohesion between the 
tube and polymeric matrix was strong enough so that no slipping can happen at the 
interface. As results, the strain εc from the tube can be described as  
                                               εc= εp= 
 
    
                                                                                                   (7.2)  
, where εp is the strain from polymer matrix, F is the applied tensile load, Ep is the elastic 
modulus of the polymeric matrix and Ap is the cross section area of the polymeric matrix. 
Details of derivation of all equations in this chapter are attached in Appendix A. 
According to equation 7.2, the strain εc from the tube and the strain εp from the polymeric 
matrix have the same constant value. 
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In the second situation, the interfacial cohesion between the tube and polymeric matrix 
was not strong enough so that the slipping happens at the interface. In this situation, the 
tube was considered as a smooth bar (hollow cylinder, nanotubes were cut after the 
sonication process) and its surface roughness was assumed to be the same along the tube.  
In this situation, the interfacial cohesion Fv with the polymeric matrix is constant along 
the tube, which can be expressed by 
                                            Fv(x) =α, -L<x<L                                                               (7.3) 
where α is a constant. The strain εc from the tube can therefore be described by  
ε
 
 
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, 0
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L x
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r x L
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 
 

  
 
  
                                          (7.4)
 
where r is the radius of the tube, Ec is the elastic modulus of the tube and Ac is the cross 
section area of the tube. According to equation 7.4, the strain εc on the tube was no longer 
a constant and is not the same as the strain εp (constant value) in the polymeric matrix.  
 
In the CNT composite films, Zhao et al. (2001) proposed that the stress on tubes was 
equal to the stress in the polymer matrix. The slope of wavenumber of the D* band on 
tubes was about -1422cm
-1
/strain for their case.  In the films of the present study, the 
slopes were about -51.75cm
-1
/strain for regular film and -135.3cm
-1
/strain for the 
sandwich film, respectively. Since the shifts of the D* band wavenumber were sensitive 
to breathing modes (mechanical strain) along the tube axis, the lower slope value in the 
film samples in present study demonstrates that the nanotubes experience less axial strain 
in comparison with the nanotubes in CNT composite films. Therefore, it is reasonable to 
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conclude that the stress transition in CNT composite films belong (or close) to the first 
situation (equation 7.2) while the stress transition in CNT films in the present study 
belong to the second situation (equation 7.4). 
 
In both film samples, the slipping (εslip) at the interface can be described by 
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L x
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 
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                              (7.5)
 
and the average strain ratio between polymeric matrix (εp) and the tube (εc) can be 
described by 
                                            
( )
( )
FE Ac cp avg
E A r Lp pc avg

  

                                                (7.6)
 
where 
E Ac c
E A rLp p
 is a constant and (εp)avg is equal to εp.  According to equation 7.6, the 
(εc) avg / (εp) avg ratio was determined by α/F value. The tensile test performed on Instron 
1122 has further shown that both film samples in the present study have the same 
mechanical properties (thus the same F value). In the films with the sandwiched 
structures, the tubes experienced higher interfacial cohesion (α) from the upper PMMA 
layer as compared with the tubes in the regular films. The (εc) avg / (εp) avg ratio was thus 
supposed to be higher in the film with the sandwiched structure than that in the regular 
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film. This proposition was in consistent with the experimental results in the present study 
that the slope (-135.3cm
-1
/strain) obtained from the films with the sandwiched structure 
are about 3 times greater than the slope (-51.75cm
-1
/strain) from the regular films. 
 
Under in-plane straining, the previous study has shown that the nanotubes displace with 
the polymer matrix upon the rupture points of the films (Miao et al., 2011).  However, the 
wavenumber D* band shifts in both films stopped at the applied tensile strain of 0.1 and 
0.25, respectively. Similar tendency also appeared in CNT composite films (Zhao et al., 
2001). It is reasonable to conclude that the slipping at the interface between the tube and 
polymer matrix happens in the entire process of straining. When the bondings between 
the tube and polymer matrix were broken by the slipping, the bonding area on the tube 
decreased gradually to the point where the bonding area (thus straining area) become so 
small that the Raman signals cannot detect the variation (since the signal was the 
averaged value of the entire tube). As a result, the shift of the D* band wavenumber 
stopped and the tube however, with a small area bonded with the polymer matrix, 
continuously displaced in the films.  
 
According to equation 7.4, the strain εc value (thus stress σc) decreases gradually from the 
centre of the tube to its both ends. In contrast, the slipping at the interface was inclined to 
start initially from both ends (low straining area) to the middle (high straining area) on 
the tube.  The simulation result by Ansys 11.0 was shown in Figure 6 (solid 45, contact 
pairs, mapped mesh to the curved lines). The simulation model (Figure 6a) included the 
tube with its surface partially bonded with polymer matrix. The elastic modulus of the 
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tube and polymer matrix was estimated as 1TPa and 3GPa, respectively. The interfacial 
cohesion (physical bonding) was predetermined as 5MPa, which was within the range of 
the results (less than 10MPa) by Mader et al. (1996) and close to the simulation results 
(about 2MPa) by Frankland et al. (2002). When the polymer matrix was under in-plane 
straining, the shear stress density on the tube decreased gradually from the middle to its 
both ends, as shown in Figure 7.6 (b) - (f). Therefore, the slipping at the interface (low 
straining area) started to happen from both ends to the middle. According to Kelly and 
Tyson model as described as (Kelly et al., 1965) 
                                        (
  (  )
 (    ⁄ )
) (  
  
 
  
 )                                                     (7.7) 
where dc (1.6nm) and Dc (2nm) are the inner and outer diameters of the tube respectively, 
Lc (800nm after 4 hours sonication (Hecht et al., 2006)) is the length of the tube. Because 
the shear stress at the interface was taken as 3-35MPa (as shown in Figure 7.6), this 
translates to an interfacial normal stress in the tube between 6.6GPa~78GPa according to 
equation 7.7 (normal stress of 50GPa was estimated by Wagner et al., 1997). Since the 
elastic modulus of the tube was about 1TPa, it was thus much easier to slide the nanotube 
with polymer matrix than to break it.  
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Figure 7.6  (a) Nanotube partly bonded with polymer matrix and the tensile stress applied 
gradually to the polymer matrix, (b) ~ (f) the shear stress intensity on the tube when the 
applied tensile stress to the polymer matrix increases to:(b)2MPa, (c) 5MPa, (d)10MPa 
(e)17MPa (f) 35Mpa 
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7.4 Conclusions 
Two types of CNT films were fabricated for in the present study. When the film was 
subjected to an in-plane straining, it was found that the D band* wavenumber peak shifts 
linearly with the applied strain. As compared with CNT composite films, the low slope 
value in CNT films in the present study suggests that the slipping occur at the interface 
between the tube and polymer matrix in the process of in-plane straining.  
 
The new model built in the present study is also in agreement with the experimental 
results that the bonding between the tube and the polymer matrix in CNT films can be 
broken due to the slipping.  
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CHAPTER 8 
CONCLUSION AND RECOMMENDATIONS 
 
8.1 Overview and Conclusions  
The CNT based films can be used for strain detection, which is one of the most 
encouraging finding recently. There are two types of CNT based films for strain detection, 
namely CNT composite film and CNT film. The major difference between them is that 
the CNT film is free of polymeric surfactant while the CNT composite film contains 
polymeric surfactant. Several methods are available in the literature to fabricate them, 
which are the buckypaper method, molding transfer method, Layer-by-Layer deposition 
method and CVD method. 
 
This thesis was focused on the in-plane strain detection with CNT films. This was 
motivated by less understanding of mechanisms underlying CNT films as an in-plane 
strain sensor. More specifically, there was no study on the relationship between the 
performance of CNT film sensors and their structures such as density of CNT networks 
and configuration of CNT networks. Methods for fabrication of CNT films with different 
configurations especially aligned CNT networks in large scale were not available.  Last, 
mechanism that governs interactions between the CNTs and polymer matrix, for CNT 
films was not clear in the literature. The specific objectives of this thesis study were 
defined as: 
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(1) To study the relation between conductance and density in randomly distributed 
CNT networks of CNT films, in particular whether the stick percolation model is valid to 
the CNT networks of the films. 
 
(2) To develop a method to fabricate CNT films with aligned CNT networks and to 
investigate piezoresistive response of these films. A care must be taken that in the 
literature, there were methods available for fabricating aligned CNT networks but not for 
CNT films. 
 
(3) To study the interaction of the nanotubes with the polymer matrix of CNT films 
under in-plane straining. It is noted that in the literature, there were studied on this 
problem but not on CNT films in particular.  
 
The thesis first presented three comprehensive literature reviews related to the research 
objectives. In particular, the mechanism of piezoresistive response in CNT networks as 
well as the corresponding mathematical model was reviewed in Chapter 2. In Chapter 3, 
methods for fabricating aligned CNT networks were reviewed, which are potentially 
applicable to CNT films. In Chapter 4, the literature regarding interaction between the 
nanotube and the polymer matrix was reviewed, as well as the technique and the 
developed model to study the interaction.  
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In Chapter 5, the CNT films with randomly distributed CNT networks were fabricated by 
the Layer-by-Layer deposition method.  The relation between density and conductance in 
CNT networks was established. The models were developed to describe the relationship 
between their density and gauge factor and the relationship between their density and 
linearity in CNT networks.  
 
In Chapter 6, a method based on magnetic alignment and spray deposition was proposed 
to fabricate aligned CNT networks for CNT films.  CNTs (MWNTs) were first decorated 
with iron oxide nanoparticles to enhance their magnetism. Under the external magnetic 
field, the nanotubes decorated with iron oxide nanoparticles were rotated into one 
direction to form aligned networks. The CNT films with aligned CNT networks were 
further investigated under to two probe conductive measurements and strain detections.  
 
In Chapter 7, Raman microscopy was employed to study the axial strain on the nanotube. 
In particular, the D band* wavenumber peak of CNTs was taken to study the interaction 
the nanotube and polymer matrix when the CNT film was under the in-plane straining.  
 
The following conclusions can be drawn from this thesis: 
(1) Randomly distributed CNT networks of CNT films follow the stick percolation 
model with the critical exponent coefficient (α) in the model being 1.938. 
 
(2) The theoretical models developed in Chapter 5, one for the relation between the 
density and gauge factor and one for the relation between the density and linearity for the 
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CNT film subjected to in-plane straining, are accurate. Based on these models, an optimal 
in-plane strain sensor built upon the CNT film should be such that its density is around 2. 
 
(3) Decoration of SWNTs with iron oxide nanoparticles is difficult to be achieved by 
the proposed method, but for MWNTs, this method is highly feasible and achieved. The 
decorated CNTs with iron oxide nanoparticles exhibited enhanced magnetism.  
 
(4) The CNT films with aligned CNT networks were achieved by spray deposition 
with the aid of externally applied magnetic field. The configuration of CNT networks in 
CNT films with respect to the direction of straining is an important factor to determine 
piezoresistive response. 
 
(5) When the CNT film were subjected to the in-plane straining, it was found that the 
D band* wavenumber peak shifts linearly with the applied strain, which was the 
consequence of inducing axial strain on the tubes from polymer matrix.  
 
(6) The low slope value in CNT films indicate that the slipping occurs at the interface 
between the tube and polymer matrix in the process of in-plane straining. The new model 
developed in Chapter 7 is also in agreement with the experimental results that the 
bonding between the tube and the polymer matrix in CNT films can be broken due to the 
slipping. 
 
 
 
95 
 
8.2 Major Contributions of Thesis  
This thesis research has generated several “firsts”, implying the contributions to the field 
of CNT networks for strain detection. All contributions are summarized in the following:  
(1) Provision of a mathematical model based on the percolation theory to describe the 
piezoresistive response in randomly distributed CNT networks as the films are under in-
plane straining.   
(2) Fabrication of aligned CNT networks with uniform distribution and in large scale 
for CNT films, which can be used in strain detection.   
(3) Discovery of the influence of piezoresistive response from the configuration of 
CNT networks in CNT films with respect to the direction of straining. 
(4) Proof of slipping situation existing at the interface between the tube and the 
polymer matrix in CNT films under in-plane straining.   
 
8.3 Future work  
Future works are expected to improve this thesis work. First, the theoretical percolation 
model is based on the same conducting sticks. However, CNT networks contain both 
metallic and semiconducting tubes, where the Schottky Barrier can arise between their 
interconnections to affect their conductance, causing the major discrepancy in the present 
study between the theoretical and experimental results.  The hypothesis here is that non-
mixed CNTs (either metallic or semiconductive) would more follow the percolation 
model. The testing of this hypothesis should be an interesting future work. Meanwhile, 
investigation of a more accurate model for the mixed CNTs is an interesting future work 
as well.   
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Second, the CNT films (MWNT in this case) with aligned CNT networks were fabricated 
in this study, the fabrication method, however, required the nanotubes to be decorated 
with iron oxide nanoparticles. The CNT networks decorated with iron oxide nanoparticles 
however can reduce the conductance of CNT films. Therefore, it is worth to develop a 
new approach to form aligned CNT networks without a need of decorating iron oxide 
nanoparticles. 
 
Finally, the governing principle for two aligned CNT networks of the CNT film is not 
known yet. It is likely the same as that for random distributed CNT networks of the CNT 
film.  Nevertheless, this needs to be confirmed.  
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APPENDXI A 
 
 
Figure A.1 Schematic model of the tube placed in the middle of the polymeric matrix and 
aligned along with applied tensile load F 
 
In the 1
st
 situation, no slipping happens at the interface. The stress in polymer matrix σp 
can be described as: 
                                                           
F
Ep p p
Ap
  
                                                (A.1)
 
, where F is the tensile load, Ap is the cross sectional area, Ep is the elastic modulus of 
polymeric matrix and εp is the strain in polymeric matrix. Therefore, the strain in 
polymeric matrix εp can be described as:  
                                                       
du Fp
p
dx E Ap p
  
                                                   (A.2)
 
, where up is the displacement of any point in the polymer and can be described as:  
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1
F
u x Cp
E Ap p
 
                                                (A.3)
 
From symmetry as shown in Fig.A1, at x=0, up=0, C1=0 and thus up can be described as: 
                                                            
F
u xp
E Ap p

                                                      (A.4)
 
When no slipping happens at the interface between the tube and polymeric matrix, the 
displacement of the tube up can be described as: 
                                                          
F
u u xc p
E Ap p
 
                                                 (A.5)
 
Therefore, the strain on the tube εc can be described as: 
                                                      
du Fc
c
dx E Ap p
  
                                                     (A.6) 
 
In the 2
nd
 situation, slipping happens at the interface between the tube and polymeric 
matrix. As shown in Fig.2, the tube is considered as a smooth bar (hallow cylinder) and 
its surface roughness thus is the same along the tube. As a result, the interfacial cohesion 
Fv with polymer matrix is constant on the surface of the tube as described as:  
                                                          Fv=Fv(x),                                                               (A.7) 
                                                  Fv(x) =α, -L<x<L                                                         (A.8) 
, where Fv is the force per surface area (dA) and α is a constant. 
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Figure A.2 Free body diagram of the tube (the same coordinate system used as in Figure 
A.1) 
 
If we assume the wall of the tube is thin, the wall thickness t thus can be described as: 
                                                           t= ro-ri and t<<ri,                                                (A.9) 
                                                                        ro ri r                                                  (A.10) 
where ro and ri are the outer and inner radius of the tube respectively, r is the radius of the 
tube. Therefore, the stress applied on the tube N can be described as: 
                                   
0 , 2F N F dA dA rdxx v     
                                         (A.11)
 
From symmetry as shown in Fig.A1, the N thus can be described as: 
2 , 0
x
L
N r F dx L xv

     
                                                   
2 ,0
L
x
N r F dx x Lv  
                                          (A.12)
 
Since the Fv is a constant, the N on the tube can be described as: 
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2 ( ), 0
2 ( ),0
r x L L x
N
r L x x L
 
 
   
 
                                          (A.13)
 
As a result, the stress σc and strain εc on the tube can be described: 
N
c
Ac
   
                                                               
Nc
c
E E Ac c c

  
                                            (A.14)
 
where Ec is the elastic modulus of the tube and Ac is the cross sectional area of the tube. 
Therefore the strain εc on the tube can be described as: 
                                                   
2 ( )
, 0
2 ( )
,0
r x L
L x
E Ac c
c
r L x
x L
E Ac c
 

 

  
 
  

                                 (A.15)
 
The slipping at the interface εslip thus can be described as: 
                            
2 ( )
, 0
2 ( )
,0
F r x L
L x
E A E Ap p c c
p cslip F r L x
x L
E A E Ap p c c
 
  
 

   

   
   
                       (A.16)
 
 
Since the Raman polarized laser selects the average signal from the tube, the average 
strain of polymeric matrix (εp) avg and the tube (εc) avg can be described respectively as: 
( )
F
p avg
E Ap p
   
1
( )
2
L
L
dxc avg c
L
 

   
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2
( )
r L
c avg
E Ac c
 
 
                                          (A.17)
 
The ratio between the average stain of the polymeric matrix and the tube can be described 
as: 
                                                    
( )
( )
FE Ac cp avg
E A r Lp pc avg

  

                                            (A.18) 
where 
E Ac c
E A rLp p is a constant. 
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APPENDIX B 
 
Homemade Mini Tensile Tester; Unit (mm) 
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Figure B.1 Base Board (x1), AISI 4130 
 
Figure B.2 Left Side Wall (x1), Installed on the left side of baseboard, AISI 4130 
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Figure B.3 Right Side Wall (x1), Installed on the right side of base board, AISI 4130 
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Figure B.4 Fasten Boards (Left and Right x1), Installed on the top of side walls 
respectively, AISI 4130 
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Figure B.5 Unmovable block(x1), Fixed on the end of base board and between two side 
walls, AISI 4130
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Figure B.6 Movable block(x1), Slide on the base board, AISI 4130 
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Figure B. 7 Fasten blocks(x2), Installed on top of the unmovable and movable blocks 
respectively, PVC 
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Figure B.8 Thread shaft (x1), Installed through the movable block and fixed the end at 
unmovable block, AISI 4130 
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APPENDIX C 
 
Iteration History
b
 
Iteration Number
a
 
Residual Sum 
of Squares 
Parameter 
e 
0 15.410 1.938 
Derivatives are calculated numerically. 
a. Major iteration number is displayed to the left of the 
decimal, and minor iteration number is to the right of 
the decimal. 
b. Run stopped after 0 iterations. Optimal solution is 
found. 
 
 
Parameter Estimates 
Parameter Estimate Std. Error 
95% Confidence Interval 
Lower Bound Upper Bound 
e 1.938 .013 1.910 1.966 
 
ANOVA
a
 
Source Sum of Squares df Mean Squares 
Regression 2517.391 1 2517.391 
Residual 15.410 13 1.185 
Uncorrected Total 2532.801 14  
Corrected Total 1900.742 13  
Dependent variable: VAR00001 
a. R squared = 1 - (Residual Sum of Squares) / (Corrected Sum of 
Squares) = .992. 
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APPENDIX D 
Experiment results  
Spray Volume 2mL 
    Aligned 0  (Sample1)       Aligned 0 (Sample 2)   
  Strain 1 2 3 4   Strain 1 2 3 4 
  0 88.5 77.21 69.53 61.23   0 74.57 69.4 60.2 56.6 
  0.08 118.42 102.75 95.42     0.08 101.77 98.87 83.6   
GF 4.22   Repeatability 30% GF 4.76   Repeatability 24% 
  
    Aligned 90 (Sample1)       Aligned 90 (Sample 2)   
  Strain 1 2 3 4   Strain 1 2 3 4 
  0 18.8 18.68 18.74 18.92   0 17.4 17.52 17.5 17.63 
  0.08 21.66 21.54 21.82     0.08 20.44 20.39 20.51   
GF 1.9   Repeatability 0.60% GF 2.2   Repeatability 1.3% 
  
    
Randomly Distributed 
(Sample1)     
Randomly Distributed 
(Sample2)   
  Strain 1 2 3 4   Strain 1 2 3 4 
  0 20 19.96 20.08 20.1   0 17.2 17.27 17.29 17.32 
  0.08 23.4 23.32 23.43     0.08 20.68 20.53 20.57   
GF 2.12   Repeatability 0.50% GF 2.57   Repeatability 0.50% 
 
Calculation Methods 
Average Resistance= (88.5+74.57)/2=81.535 (Error: ±9%) 
GF= (118.42-88.5)/88.5=4.22 
Average GF= (4.22+4.76)/2=4.49 (Error: ±6%) 
Repeatability= (61.23-88.5)/88.5= -30% 
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